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Abstraot.
A study of previous investigations into the 
polarographio behaviour of antimony compounds reveals 
a number of gaps and inconsistencies in existing .knowledge 
of the subject.
These investigations are reviewed and critically 
discussed, and the conclusions drawn are applied to the 
practical studies reported in Section 3.
A study of the influence,on polarographio studies,of 
impurities in electrode-mercury shows that such impurities 
affect the peak-heights, peak-potentials and half-peak 
potential spans.
The nature*, properties,methods nf detection; and of 
removal are investigated and suitable procedures devised 
for testing and purifying the mercury to be used in these 
studies.
By using purified mercury,coupled anodic/cathodic waves 
have been obtained for trivalent antimony in normal alkali 
which are free from the gross distortions and interfering 
waves previously reported in the literature.
The polarographio characteristics of these waves have
been investigated using alternating-voltage,alternating-
current and linear-sweep oscillographic techniques, 
with sinusoidal and square-wave potential forms.
With the aid of these techniques it has been found possible 
to obtain data on fn f values,reversibilities and other reaction 
data. This work is described in Section3,Parts 3tV, V and VI.
In Part VIJ, The design and construction of a new electrode 
of constant surface area, but with a renewable surface ,and 
suitable for hydrofluoric acid media,is desribed.
Investigations with this electrode into the polarographio 
behaviour of hydrofluoric acid (1.0 U.) as a supporting 
electrolyte, and into the behaviour of antimony compounds in 
this media have shown that this combination permits electrode 
reactions to occur which produce polarographio waves. The 
characteristics of some of these waves have been determined*1 
In addition, two new polarographio peaks for trivalent 
antimony in acetic adid (l.O N.) have been discovered and their 
characteristics are reported,with additional data on the known 
peaks, in Section 3,Part VIII.
In Section 3.Part IX, a study is reported into the nature 
of a very slight irregularity detected in the published 
polarograms for the reduction of trivalent antimony in nitric 
acid (1.0 N.) media. These studies showed that this irregularity 
was a pre-wave. Using square-wave polarography ,it has been 
possible to determine the characteristics of both pre-wave 
and main wave.
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SECTION 1.
A,review of previous polarographio studies 
of antimony compounds.
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Introduction
In the .early days of the development of polarography 
the element antimony received very little attention and most 
of the investigations at that time appeared to be confined 
to those elements for which the existing conventional 
analytical techniques were either,unsuitable or wanting in 
accuracy. In fact, it was not until 1925 that the first 
investigation into the behaviour of antimony at the dropping 
mercury electrode was carried out, by Bayerle(l)*Between 1925 
and 1942 only six papers have been found dealing in any way. 
with the polarographio behaviour of antimony, but in 1942 
Page and Kobinson applied the polarographio method to the 
determination of antimony in biological antimonials for which 
this method seemed particularly suitable 12) Many further 
papers reporting investigations into the reduction of trivalent 
antimony appeared in 1943 and 1944; in most cases these papers 
were concerned with analytical procedures.
In 1945 and 1946 few papers were published on this 
subject, but in 1947 interest in the polarography of antimony 
was renewed and since that year the number of papers published 
on this subject has increased steadily* It was not until 
1945 that the reduction of pentavalent antimony was achieved, 
and since that date considerable attention has been given to 
this aspect.
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In 1949 the anodic oxidation of trivalent antimony 
at the dropping mercury electrode was recorded by Kolthoff and 
Probst (3} and it is in this field that a scarcity of 
published work exists. In 1950 the technique of 
alternating-current polarography was applied to antimony 
by Breyer, Gutmann and Hacobian with some interesting 
results(4).
During recent years the number of papers dealing with 
the polarography of antimony has generally been confined 
to the development of techniques for the analytical 
determination of antimony in alloys and organic antimonisls* 
The number of papers dealing with fundamental aspects of the 
polarography of antimony is small.
In drawing general conclusions from the results of the 
work of other investigators, considerable difficulty is 
encountered owing to the large number of anions and cations 
present in many of the solutions studied. It has been shown 
that certain ions may have a considerable influence on the 
nature and development of antimony reduction waves and it 
would appear that many of the conclusions drawn by 
investigators from their results should be treated with 
caution. In very, few cases was data found relating to 
fundamentally important influences such as temperature, 
pH, nature of the anodic half-cell, method for the removal 
of oxygen, nature and concentration of maximum suppressors, 
mode of preparation of antimony solutions, and the presence
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of ions other than hydrogen, hydroxyl and antimonyl.
It appeared that any practical investigations into 
the polarographio behaviour of antimony should be carried 
out if possible in media containing the minimum number of 
ions and with particular attention to ensuring that full 
information was available on the various factors mentioned 
above, many of which have a considerable effect on the 
polarographio behaviour of antimony.
The work described in this review consists of three
parts
Part I. - Polarographio oxidation of trivalent antimony. 
Part II. - Polarographio reduction of pentavalent antimony. 
Part III. - Polarographio reduction of trivalent antimony.
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Part I.- Polarographio oxidation of trivalent antimony.
In 1949 Kolthoff and Probst (3) reported the 
formation of anodic waves from solutions of trivalent 
antimony in excess alkali. These anodic waves have since 
been studied by Cozzi and Vivarelli (5) in a number of 
supporting electrolytes. Prom these studies, Cozzi and 
Vivarelli have been able to suggest a theoretical 
explanation for the maxima produced during the oxidation 
process occurring at the dropping mercury anode.
The principle antimony compounds used and the media 
in which the anodic oxidation of trivalent antimony has so 
far been attempted are given below:-
(1) Alkali containing sodium antimonite.
(2) Alkali and sodium -potassium tartrate containing
(a) sodium antimonite.
(b) potassium antimony tartrate.
(3) Alkali, sodium potassium tartrate and sodium 
sulphate containing sodium antimonite.
(4) Alkali, disodium tartrate and sodium sulphate 
containing sodium antimonite.
(5) Alkali and sodium sulphate containing potassium 
antimony tartrate.
(6) Sodium sulphate containing potassium antimony 
tartrate.
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When potassium antimony tartrate was substituted for 
sodium antimonite in supporting electrolytes consisting of 
alkali, with or without sodium potassium tartrate, or sodium 
sulphate, Cozzi and Vivarelli observed no noticeable variation 
in the half-wave potentials, provided that the hydroxyl ion 
concentration remained unchanged.
Cozzi and Vivarelli recorded that in place of sodium 
antimonite and potassium antimony tartrate, several other 
soluble antimony salts could be used equally well.
1. ALKALI CONTAINING SODIUM ANTIMONITE.
(a) Wave characteristics:
Kolthoff and Probst observed anodic waves corresT 
ponding to the oxidation of trivalent antimony to 
pentavalent antimony from 1-53 antimony solutions in 
0.1 N, 0.5 N and 1.0 N potassium hydroxide.
Cozzi and Vivarelli obtained anodic waves in a 
supporting electrolyte of caustic soda and investigated 
the effect of varying hydroxyl ion concentration.
They reported that the wave was visible, even at low 
basicities, e.g. 3 x 10 J M caustic soda. At high 
basicities, the waves corresponded to reversible 
processes.
— Zj.
At antimony concentrations greater than 5 x 10 M, 
Cozzi and Vivarelli reported that the waves exhibited 
current maxima.
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Kolthoff and Probst also reported the occurrence 
of pronounced maxima on anodic waves from 1.53 mM 
antimony solutions.
(b) Maximum suppressors:
The efficiency of surface active substances as^  
maxima suppressors for anodic waves was studied by both 
teams of investigators,
Thymolphthalein:
Cozzi and Vivarelli obtained exceptional results 
with a 0.1% alcohol solution. Satisfactory results were 
also obtained with lower concentrations.
Fuchsin base:
Cozzi and Vivarelli found that this maxima suppressor 
could be used in limited quantities and was effective 
at low concentrations up to 0.0005%, i.e. - 0.5 nil. of 
an aqueous 0.1% solution in 100 ml. of fluid. They 
observed that fuchsin combined with antimony to form 
rather stable complexes which were oxidisalble at 
noticeably less negative half-wave potentials than the 
corresponding tartrate complexes.
When the fuchsin concentration was below the limit 
specified above, no secondary disturbing phenomena were 
observed, but if the fuchsin concentration was greater 
than 0.003%, the determination of antimony was not 
possible owing to the wave forming prematurely.
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Gelatin;
Gelatin was found to be unsatisfactory by Kolthoff
and Probst and also by Cozzi and Vivarelli. Cozzi and
Vivarelli deemed its use inadvisable, even at low
concentrations, e.g. 0.002%, as it was found to flatten
the wave appreciably, especially when the antimony
_Zl
concentration was less than 10 M. With gelatin 
concentrations greater than 0.01%, the wave itself was 
suppressed in addition to the maxima.
Tylose:
This substance was investigated by Cozzi and 
Vivarelli as a possible maxima suppressor, but it was 
found to have the same disadvantages as gelatin.
Peptone:
Peptone was studied by Kolthoff and Probst and was 
found to be ineffective in suppressing maxima.
Kolthoff and Probst noticed that the maxima obtained 
in the anodic oxidation of trivalent antimony differed 
from those encountered in reduction polarography, in 
that they were found to occur on the curve when the 
current had attained the value of the diffusion current. 
In 0.5 N potassium hydroxide the maxima were reported 
to have prevented an accurate recording of the anodic 
current. It is perhaps significant that similar maxima 
occurring during the anodic oxidation of trivalent 
arsenic were found to be suppressed by the addition of
-15-
gelatin or peptone, even though these maxima were of 
the same'type as those observed on the anodic antimony 
wave •
(c) Results:
(i) Cozzi and Vivarelli postulated the following 
reaction for the anodic oxidation of trivalent 
antimony in alkaline medium -
Sb02~ + 20Hr -------- Sb05~ + H20 + 2e.
(ii) Kolthoff and Probst recorded the following values 
for the half-wave potential vs, the S.C.E. at 25°C. 
for an antimony concentration of 1.53
Hydroxyl ion
concentration
0.1 N - 0.34 V.
0.5 N - 0.56 V. (approximate
only)
1.0 N - 0.4-5 V.
(iii) Cozzi and Vivarelli also determined half-wave 
potentials at 25°C. vs. the S.C.E, for various 
hydroxyl ion concentrations and found that the plot 
of against the logarithm of the hydroxyl ion 
concentration was linear. They concluded from this
J S T T
linearity, and from the value of the ratio cfp^ g' » 
that the process was completely controlled by the 
equation:
E = RTnE InK
ET ,  [SbO£l
nF [fcibOo ] . [0H“]
-16-
2*a* ALKALI A.ND SODIUM POTASSIUM TARTRATE CONTAINING SODITM
SBTTHOlMl'Mr ' "
(a) Wave characteristics:
Cozzi and Vivarelli investigated the oxidation
of trivalent antimony in this medium. They found that
a completely reproducible anodic wave was obtained with 
-43 x 10 M antimony in 1.5 N caustic soda, containing 
0.25 M tartrate, together with 0.001% fuchsin. A well-? 
formed wave was obtained with no sign of maxima.
With increasing hydroxyl ion concentration, the 
half-wave potential shifted to more negative values, 
whereas with increasing sodium potassium tartrate 
concentration, the half-wave potential tended towards 
less negative values. They concluded that such waves 
were obtained as a result of tartrate-complex oxidation 
in antimony solution corresponding to the following 
reaction:-
( CjjHgOgSbHgO) “  + 40H~ =  SbOj-  + 2H20 + C^H^Og-2  + 2e.
(b) Results:
Diffusion currents were determined in 1.5 N caustic 
soda containing 0.25 M sodium potassium tartrate, with 
antimony concentrations varying from 7*10 x 10~^ to 
3*4-9 x 10 M. The ratio id was found to lie at all
times within the range 3.44 - 3*4-7, thus confirming
that the wave height was proportional to the antimony 
concentration.
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Half-wave potentials vs. the S.C.E. at 25°C.* and
diffusion current constants, were recorded for solutions
-2containing 5 x 10 M antimony in 1 M tartrate solution, 
with varying hydroxyl ion concentration:-
[OH]
%
.. ...— . i1 J
1 M - 0.360 2.54- Ii
0.1 M - 0.298 2.60 !1
0.01M - 0.225 2.39 {
(c) Influence of common metal ions:
The influence of common metal ions on the anodic 
antimony wave was also investigated by Cozzi and 
Vivarelli.
It was found that the initial part of the wave
was unaffected. A polarogram was obtained for 
—43.10 x 10 M antimony in 1.5 N caustic soda, with 0.25 
M tartrate and 0.01% fuchsin, containing the following 
metal ions:-
Fa 1.2 x 10~3 M.), Cu+3(1.0 x 10-3 M. ) ,
Bi+3(5.10 x XO"3 H.)
The curve showed that the antimony wave was completely
unaffected.
Cozzi and Vivarelli found, however, that in 
slightly alkaline solutions rich in tartrate ion and 
in the presence of arsenite ion, the corresponding 
oxidation waves were formed so close together that
—18—
they coalesced.
In alkaline solutions of 1 M strength, and of 
low tartrate ion concentration, the two waves separated* 
At high concentrations of alkali, the separation 
was absolute.
Values of "I" and of at 25°C. vs. the S.C.E. 
were recorded as follows
[OH] I
As Sb As
.
Sb
0.515 - - ■
-
0.94-3 - 0.268 - 0.407 2.47 2.31
1.877 - 0.268 - 0.428 2.28 2.13
2.841 - 0.286 - 0.451 2.05 1.92
3.745 - 0.296 - 0.467 1.89 1.77
| 4.711
j
- 0.302 - 0.474 1.69 1.59 |
f i
-4Concentration tartrate ion = 4.68 x 10 M
n arsenite " - 5*0 x 10 ^ M
M antimonite n ■ 5*0 x 10”  ^M
2.b. CAUSTIC SODA/H) SODIUM POTASSTTTM TABTRATU. COUTAINIHCt 
R T assium ANTIMONY t a r t r a t e.
(a) Potassium antimony tartrate - 2 x 10 M .
Cozzi and Vivarelli polarographed a solution 
containing varying quantities of potassium antimony 
tartrate in 1,5 M caustic soda containing'0.25 M 
sodium potassium tartrate. In this media, they obtained 
good anodic waves but with definite maxima. The effect 
of adding varying quantities of gelatin was studied 
polarographically and,from the curves obtained*the 
following information can be deduced -
0.002% gelatin - The maxima were suppressed.
0.005% ” - The wave height was reduced.
0.01% M - The curve became distorted.
0.02% " - The distortion increased.
0.04% " - No step was visible.
(b) Potassium antimony tartrate - 4 x 1 0 M .
In this case Cozzi and Vivarelli again obtained a 
clear anodic wave but once more a definite maximum was 
present. The effect of adding varying quantities of 
fuchsin base was studied polarographically.
Prom the curves obtained it was clear that addition 
of fuchsin base from 0joOO3% to 0.0025% effectively 
suppressed the maxima.
Increased concentrations of fuchsin base up to
0.005% caused a reduction in wave height and at 
0,0095% the curve itself became distorted.
At 0.017% considerable distortion occurred.
ALKALI, SODIUM POTASSIUM TARTRATE AND SODIUM SULPHATE, 
CONTAINING SODIUM ANTIMONITE.
Cozzi and Vivarelli studied solutions of trivalent
antimony in caustic soda and sodium potassium tartrate
containing sodium sulphate. In these experiments the
anion concentration in the solution was held constant
at unity, i.e.
[ < W V 2] + [soy1] = i. d)
The values for the half-wave potential and diffusion
current constant were determined at 25 °C. vs. the
—4-S.C.E. for 5 x 10 M antimony m  the above media, 
with varying concentrations of hydroxyl, sulphate and 
tartrate ions. (See Table 3)
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TABLE 1.
[OH] [ < W ) 6'2] [S04-2 ] I
1 x 10° I 5-0 x 10"4
o
 o 
1—1Xo•1—1 - 0.455 2.73
I 1.6 x 10~^
j
u - 0.446 2.70
| 1.25 X  10~2
|
H - 0.416 2.62
1 5.0 x 10“2 9.5 X  10-1 - 0.401 2.60
j 1.6 x 10-1 8.4 x 10_1 - 0.385 2.58
] 5*0 x 10-1 5.0 x 10_1 - 0.369 2.55
j 1.0 x 10°
j
I)...-.-.. .... ... „., ....... ..
- - 0.360 2.54
1 x 10-1 I 5.0 x 10-4
j
1.0 x 10° - 0.400 2.84
! 1.6 x 10-5j
H - 0.385 2.80
| 1.25 x 10-2 ft - 0.356 2.75
| 5.0 x 10"2 9.5 x 10 - 0.340 2.71
| 5.0 x 10_1
i
5.0 x 10_1 - 0.311 2.64
1 o
j 1 . 0  x 10u
i
- -  0 . 2 9 8 2.60
1 x 10-2 j 1 . 0  x 10-5 1.0 x 10° -  0.332 2.93
1 1.0 x lCf2j
It -  0.303 2.86
1 1.0 x 10-1
!
9.0 x 10_1 -  0.251 2.45
i o
| h o  x 10
f.
;
- -  0.225 2.39
The values of half-wave potentials were plotted 
against the logarithm of the tartrate ion 
concentration.
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Results:
(a) N and 0.1 N caustic soda.
(i) Prom the plot of half-wave potential vs. log.
tartrate ion concentration, it was evident that the half-wave
— P —potential varied linearly with lnfC^H^Og-* ] and [OH”].
(ii) It can be calculated that -
V = InK + || lntO^Og*] - |§ ln[0H"]2 (})
(iii) With M. tartrate and M. caustic soda, equation (1.) 
can be simplified to -
Vo = If lnK
Under these conditions, VQ = -0.360V. vs. S.C.E.
i.e. equation (1) reduces to
V = - 0.360 + H  [ln[C4H^06-2] - In [OH-]]
(b) 0.01 N caustic soda.
A peculiar type of line was obtained when plotting the 
half-wave potential against log. tartrate ion concentration 
in this media.
(i) The half-wave potentials at low tartrate ion 
concentrations correspond roughly to data calculated from 
equation (1), although their determination can only be 
approximate, as the waves do not appear regularly.
(ii) For tartrate ion concentrations greater than
3 x lCT1 M, the half-wave potential changed noticeably in
-23-
relation to the calculated value.
Apart from this, the waves took their normal course.
The diffusion current constant also changed noticeably 
(see Table 1* ). This fact can be understood if it can be 
accepted that equation (2) was quite correct for N and 0.1 N 
alkaline solution, and for all tartrate ion concentrations.
The diffusion current constant corresponded to 
1 x 10 M in 0.01 N caustic soda only for low tartrate ion 
concentrations.
(iii) At tartrate ion concentrations greater than 10”  ^M, 
it appears that as a result of the instability of the SbC>2~ 
ion in 0,01 N caustic soda, the solution probably contains 
total antimony as tartrate complex. The transformation from 
SbCt,” to potassium antimony tartrate is accompanied by a 
large shift in half-wave potential and by a significant 
decrease in the diffusion current constant. In fact, the 
mobility of the complex ions is shown in all cases to be 
lower than that of the SbC>2** ion.
SbOg + C4H40"2 + H„0 ----  (C4H206.Sb.H20)~ + 20H- (2)
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4. ALKALI, DI-SODIUM TARTRATE AND SODIUM SULPHATE CONTAINING 
SODIUM ANTIMONITlT '----------------- 1—
Cozzi ( 6 ) investigated the oxidation of trivalent 
antimony in caustic soda solutions containing di-sodium 
tartrate, sulphate ion and copper*
For a solution having the following composition:- 
( Antimony - 2*7 x 10"^ M.
( Caustic Soda - 2.5 M,
r Neutral sodium tartrate - 0*25 M.
/ Basic fuchsin - 0.002%.
) Sulphate ion concentration unknown, but probably 
; appreciable.
( Varying amounts of copper.
Cozzi reported that an anodic wave was obtained with 
a half-wave potential of - 0.36 V.
5• ALKALI AND SODIUM SULPHATE CONTAINING POTASSIUM ANTIMONY 
TARTRATE.
Cozzi and Vivarelli investigated the effect of added
caustic soda to a solution of potassium antimony tartrate
and sodium sulphate. They found that as the hydroxyl ion
-4 -1concentration increased from 5*6 x 10 10 M, an anodic
wave developed and became more pronounced, until at 
2.3 x 10”1 M a definite step was clearly formed.
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6. SODIUM SULPHATE CONTAINING POTASSIUM ANTIMONY TARTRATE, 
Cozzi and Vivarelli examined a solution of 0.1 M sodium
->ZL
sulphate containing 5 x 10 potassium antimony tartrate 
—5with 6 x 10 ng./ml. of thymolphthalein, They concluded 
from the polarographic waves, that anodic wave formation 
in this medium was practically negligible*
DISCUSSION.
(a) No noticeable variation in half-wave potential 
was observed when potassium antimony tartrate was used 
in place of sodium antimonite at constant hydroxyl ion 
concentration.
This confirms the already known fact that at
_2
alkaline concentrations of 10 M, the ion 
C^^Og.Sb.I^O*’' is completely dissociated and 
replaced by the Sb02"* ion.
(b) The presence of excess tartrate ion and high values 
of 22 affect the attainment of equilibrium between the 
two kinds of ions.
(i) This equilibrium can be controlled completely 
by tracing the variations in half-wave potential.
(ii) The equilibrium is represented as follows:-
Sb02“ + C^H^Og"2 + HgO = C4H^0g.Sb.H20- + 20H" (2)
X.
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(iii) Increasing tartrate ion concentration at
constant hydroxyl ion concentration pushes the
reaction to the right. Hence the redox potential 
C.SbO ~"^or 3 might be expected to increase with
C.Sb02~
increasing tartrate concentration.
(iv) This is found ifco be the case as follows
(a) Ii* Tartrate ion is absent.
When the ratio of the concentrations of 
SbO^ and SbO^~ on the surface of the electrode is 
unity,the polarisation potential of the drops 
falls with a drop in half-wave potential.
(b) If Tartrate ion is present under the same 
conditions.
The concentration of SbC^ is decreased and the 
polarisation potential cannot conform with E^ 
as the tartrate complex is just as oxidisable as 
the SbC^"” ion in equilibrium (2).
(c) If the concentration of Sb0o is reduced to 1/10.
    ■»»»»■..-— .■— ■  -            .
The half-wave potential should be equal to 
the potential at 1/20 of the measured wave.
Although measurement should be taken from zero,in 
practice it was found that agreement of potentials 
occurs at 1/6 wave height, not 1/20.
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(v) Explanation
The wave embraces a far wider potential field 
than is normal in the oxidation or reduction of a 
single ion. The process is based not exclusively 
on the SbC^”" and C^^O^Sb^jBbjO"’ but is based
also on the OKTion which takes part directly in 
the formation of the wave. Now the oxidation of 
Sb^ results in a decrease of hydroxyl ion 
concentration s
SbC>2~ + 2 OH? - SbO^~ + HgO + 2e
But when the hydroxyl ion concentration is smaller, 
the equilibrium moves towards less negative values. 
Hence the greater the pentavalent antimony concen­
tration the less negative becomes the equilibrium 
potential.
When the hydroxyl ion concentration is large, the 
wave embraces an extended potential field.
With 1 x 10~2 M NaOH the field is broad and with 
1 x 10~3 M NaOH the field is still excessive.
The wave also showed an unquestionably complete 
symmetry at the half-wave potential.
-28-
SECTION 1
Review of previous studies,.
Part II
Polarographic reduction of pentavalent antimony
-29-
(1) INTRODUCTION
Early attempts to reduce pentavalent antimony at the 
dropping mercury electrode were unsuccessful. In 1942 Page 
and Robinson (2) noted the absence of a reduction wave 
from I N  hydrochloric acid containing the pentavalent 
antimony ion, and deduced that pentavalent could only be 
determined with the polarograph after preliminary chemical 
reduction to the trivalent form. In 1945 Lingane reported 
that pentavalent antimony was not reduced in the following 
supporting electrolytes: hydrochloric, sulphuric and
nitric acids$ caustic soda, ammonium chloride and ammonia 
(all of 1 N strength); 0.1 N potassium chloride; (7),
In 1947, Lingane and Nishida (8) suggested that the 
absence of a reduction wave from pentavalent antimony 
solutions might be due to a very small reaction rate 
associated with a large activation energy or overvoltage.
They considered that it might be possible to reduce this 
overvoltage by converting the aquo pentavalent antimony ion to 
a chloro complex, since this procedure had been shown to 
produce a well developed wave in the case of stannic tin. 
Accordingly, a 2 N hydrochloric acid solution containing the 
Sb(5) ion was examined and a small reduction wave was 
obtained. In 4 N acid, a double wave was produced, the
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first wave corresponding to a reduction of Sb(5) to Sb(3) 
and the second to that of Sb(3) to Sb amalgam. In 6 N acid, 
both waves were fully developed, and the height of the 
first wave was equal to 40% of the total wave height.
The influence of pH and of halide ions on the wave 
characteristics was investigated by Lingane and Nishida (8) 
and later by Kolthoff and Probst (3) in 1949.
Polarographic reduction of the pentavalent antimony 
ion has so far been studied in aqueous media containing one 
or more of the following ions
1
1 Anions
................: ...
1
Cations
I
c f Li+ |
Br* K + !
!
01% UH$.
The ionic combinations in the solutions were as 
follows
Gr oup I. (containing 1 ion) - - Cl
Group II. (containing 2 ions) - (i) - Cl - CIO^
(ii) - Cl"- Li+
(iii) - Cl-- NH^
(iv) - CIO^ - K+
Group III, (containing 3 ions) - (i) - Cl - CIO^ - K+
(ii) - Cl-- Br-- K+
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GBOUP I MEDIA CONTAINING ClT IONS i
(a) jHClL - Less than 6 N .
No reduction wave was obtainable in 0.1 N acid.
Lingane and Nishida reported that a small reduction 
wave of pentavalent antimony was observed in 0.5 N acid.
Kolthoff and Probst found that at acid concentra­
tions less than 4 N,one wave and only one wave was 
observed, the height of which decreased with decreasing 
hydrogen ion concentration. For 1 N ionic concentrations 
they recorded a half-wave potential of - 0.35 V. vs. 
the S.C.E. and a diffusion current constant of 1.9*
In 2 N acid, Kolthoff and Probst recorded a 
value for the half-wave potential of - 0.24 Y. and a 
diffusion current constant of 5»^« No details of wave 
form were given.
Lingane and Nishida reported a double wave 
in 4 N acid, corresponding to the step-wise reduction 
of pentavalent antimony to the trivalent form and then 
to the metal amalgam. They found that the diffusion 
current of the first reduction stage was not quite 
completely developed prior to the second stage of the 
reduction, the height of the first wave being only 
30% of the total height of the double wave, instead 
of the expected 40% for successive 2 and 3 electron 
reductions.
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Kolthoff and Probst reported a value for the 
total diffusion current in this medium of 7«2, 
whereas the value calculated for the complete 
reduction of pentavalent antimony to 'the metal amalgam 
was 7*5» Kolthoff and Probst also reported a half­
wave potential of - 0.18 vl
(b) HYDROCHLORIC ACID - 6 N
Lingane and Nishida reported that in 6 N acid 
the first stage diffusion current for pentavalent 
antimony to trivalent antimony was fully developed and 
equal to 40% of the total diffusion current. Kolthoff 
and Probst also found two waves in this medium and 
deduced that the first wave corresponded to the 
reduction of pentavalent to trivalent antimony, and 
the second wave to the reduction of trivalent antimony 
to the metal amalgam.
Half-wave Potentials:
Kolthoff and Probst reported a half-wave potential 
of -0.11 v. vs. the S.C.l. Only one value was given.
. Lingane and Nishida reported a half-wave 
potential for the second step of -0.257 v., but 
could not detect a half-wave potential for the first 
wave; they concluded that it was evidently more 
positive than -0.1 v.
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Diffusion Data:
Kolthoff and Probst reported that the diffusion 
current constants were 3.03 for the first step and 
7.50 for the total reduction* This value was confirmed 
by Lingane and Nishida.
Kolthoff and Probst found that both diffusion 
currents were proportional to the pentavalent antimony 
concentration in the range 0.17 ~ 2.0x 10 They
determined independently the diffusion currents for the 
reduction of trivalent antimony to antimony amalgam, 
with the same range of concentrations, in 6 N hydro­
chloric acid. They found that the ratio of the total 
diffusion current (for the reduction of pentavalent 
antimony to antimony amalgam) to the diffusion current 
for the reduction of trivalent antimony to the amalgam, 
was : - | x 0.91. '
Kolthoff and Probst therefore concluded that the 
diffusion coefficient of pentavalent antimony in 6 N 
hydrochloric acid was less than that of trivalent 
antimony in the same medium.
Lingane and Nishida also found that the diffusion 
current constants were proportional to the pentavalent 
antimony concentration. They investigated the ratio 
of the diffusion current constants for the total 
reduction and the second stage reduction, and obtained 
a value of 2.50 instead of the theoretical value of 1.66.
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(c) HYDROCHLORIC ACID - GREATER THAN 6 N,
Kolthoff and Probst found that the two waves 
persisted in hydrochloric acid concentrations greater than 
6 N. Kraus and Novak reported that the two waves 
were not distinguishable until the concentrations 
were greater than 6 N and reported no data for 
concentrations of 6 N or less. (9)
Kraus and Novak reported that the waves were well 
developed and represented complete reduction in 
hydrochloric acid of strengths greater than 7 N.
Kolthoff and Probst found that the half-wave 
potential in 8 N acid could not be determined, as the 
anodic chloride wave interfered. They quoted values 
for the diffusion current constants of 3*03 for the 
first stage and 7*4-5 Tor the total reduction. They 
reported the ratio of the diffusion currents for 
total reduction against second-stage reduction as 
4 x 0.94- in this medium.
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GROUP II MUDIA CONTAINING 2 IONS.
SOLUTION (i) - Ionic combination:- 01*- NH*
Hr
Ionic concentrations ( Chloride ion - Varying (0.2 - 5 M)
( Ammonium ion - Varying (0.2 - 5 M)
Lingane and Nishida investigated the reduction of 
pentavalent antimony in 0.2 N hydrochloric acid containing 
varying amounts of ammonium chloride, with 0.005% gelatin 
as maximum suppressor.
Results:
Curves were obtained from which the following informa­
tion can be deduced
(a) Chloride ion concentration - 0.2 M .
No reduction wave was observed before the reduction 
of hydrogen.
0>) Chloride ion concentration - 1 M .
A reduction wave began to develop.
(c) Chloride ion concentration - 2 M .
The reduction wave was more pronounced.
(&) Chloride ion concentration - 5 M .
A definite reduction wave was clearly shown. The 
wave was apparently not fully developed, the diffusion 
current being only half the value recorded in 5 N 
hydrochloric acid.
The wave consisted of only one step. Lingane and
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Nishida explained this phenomenon by observing that the 
potential at which the wave occurred was much more negative 
than the reduction potential of trivalent antimony, and 
hence the trivalent antimony was reduced as rapidly as it 
was formed. This single wave therefore corresponded to the 
reduction .of pentavalent antimony directly to the metal 
amalgam.
SOLUTION (ii). - Ionic combination : - cl" - 010^
Ionic concentrations (Chloride ion - Constant (0.2 M)
(Perchlorate ion - Varying (IN - 6 N).
Lingane and Nishida recorded polarograms for the 
reduction of pentavalent antimony in 0.2 N hydrochloric 
acid containing varying amounts of perchloric acid.
Results:
Prom the curves we can deduce the following information:
(a) Hydrochloric Acid concentration - 1 N.
No reduction wave was observed before the reduction 
of hydrogen.
(b) Hydrochloric Acid concentration - ^ N .
One reduction wave was visible and a second 
wave was beginning to form at a more negative potential 
than the first wave.
(c) Hydrochloric Acid concentration = 6 N .
The characteristic double wave for the reduction of
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pentavalent antimony to trivalent antimony, and then 
to the amalgam, was obtained.
The half-wave potential for the first wave in this 
medium was indefinite but it was clearly more positive than 
the half-wave potential for the first wave in 6 N 
hydrochloric acid without perchloric acid. Lingane and 
Nishida attributed this to the fact that the anodic 
dissolution potential of mercury, in 6 N perchloric acid 
containing 0.2 N hydrochloric acid, was more positive than 
in 6 N hydrochloric acid, due to the smaller chloride 
concentration.
The half-wave potential for the second wave in 6 N 
perchloric acid containing 0.2 N hydrochloric acid was 
- 0.163 v., a value very close to the half-wave potential 
for the second wave in 1 N hydrochloric acid (- 0.13 v.).
SOLUTION (iii), - Ionic combination: - Cl"- Li.
Ionic concentrations (Chloride ion - 4 N.
(Lithium ion - 4 N.
Kolthoff and Probst studied the reduction of pentavalent
antimony in 1 N hydrochloric acid containing 4 N lithium
-3chloride. The antimony concentration was 1.5 x 10 M.
No details of the wave characteristics were given, but they 
reported a value for the half-wave potential of - 0.21 v. 
and a diffusion current constant of 3*28. As single values
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only are given for these two characteristics, we can perhaps 
presume that only a single wave was obtained in this 
particular investigation.
SOLUTION (iv). - Ionic combination:- CIO^ - K?
Lingane and Nishida examined a solution of potassium 
pyroantimonate in 6 N perchloric acid. The polarogram 
showed no reduction wave prior to the reduction of hydrogen.
GROUP III. MEDIA CONTAINING 3 IONS.
SOLUTION (i). - Ionic combination:- Cl - CIO^ - K?
Hydrochloric acid, 0.23 N, was added to a 6 N 
perchloric acid solution of potassium pyroantimonate to give 
a chloride ion concentration of 0.2 N. The formation of 
a double reduction wave was observed in this medium.
SOLUTION (ii). - Ionic combination:- Cl"- Br"- Kt
Ionic concentrations (Chloride ion - Constant (1 N)
(Bromide ion - Varying (0 - 4 N)
Kolthoff and Probst investigated the effect of adding 
potassium bromide to a 1.5 x 10*"^  M solution of pentavalent 
antimony in 1 N hydrochloric acid.
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Results :
.In all cases a single reduction wave was observed*
The values for half-wave potentials and diffusion current 
constants, recorded in each case at 25°C., were as follows
[Br]
(N.)
%
(Volts)
Nil 1.9 - 0.35
1 5.32 - 0.43
2 6*50 - 0.37
4 7.48 - 0.35
CONCLUSIONS
A. INFLUENCE OF HALIDE ION ON THE REDUCTION WAVE OF 
PENTAVILENT ANTIMONY.
(i) CHLORIDE.
Summary of Results
Ionic Concentrations Wave characteristics
H + Cl".
High (6N) Nil None
Low (0.2 N) Low (0.2 N) None
Low (0.2 N) High( 4 N ) Single
High (6N) Low (0.2 N) Double
High (6N) High( 6 N ) Double
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From the smmary of results it follows that
(a) Chloride ion is essential for the formation of a 
reduction wave in pentavalent antimony solution* even 
in highly acidic media,
(b) Low chloride ion concentrations will not permit a wave 
to form if the hydrogen ion concentration is also low.
(c) If the chloride ion is increased, however, in low 
acidities a single wave develops.
(d) With high acidities a double wave is produced with low 
or high chloride ion concentration.
(ii) BROMIDE.
Kolthoff and Probst assumed that complete reduction 
of pentavalent antimony occurred in 6 N hydrochloric acid 
since the diffusion current constant reached a limiting 
value of 7*50. Now, in solution (ii) . of Group III, 
containing 4 N bromide ions, a value of 7-48 for the 
diffusion current constant was obtained. Kolthoff and Probst 
deduced, therefore, that complete reduction took place in 
1 N hydrochloric acid containing 4 N bromide ion. In this 
case, however, only one wave was observed and Kolthoff and 
Probst suggested that this phenomenon was due to the anodic 
bromide wave occurring at a more negative potential than
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that of the wave for the reduction of pentavalent antimony 
to trivalent antimony.
Kolthoff and Probst observed that the half-wave 
potential for the reduction of pentavalent antimony to 
the metal amalgam was shifted to a more negative value by 
the anodic bromide current when the bromide ion 
concentration was more than 2 N.
The effects of variations in the concentrations of 
pentavalent antimony were studied in bromide media and it 
was found that for antimony concentrations in the range 
0,45 x 10~^M to 1.5 x 10~^M, the diffusion current constant 
was equal to 7*4-8 - 0.03, showing that the diffusion current 
was proportional to the antimony concentration within this 
range.
In general, Kolthoff and Probst concluded that the 
addition of bromide ion enhanced the formation of the 
pentavalent antimony reduction wave.
(iii) IODIDE,.
It appears that very little work, if any has been 
carried out on the influence of iodide ion on the charac­
teristics of the pentavalent antimony reduction wave. It 
is of interest, however, that Brown and Swift (10) reported . 
that the reversibility of gold electrodes in solutions 
containing antimony ions in both trivalent and pentavalent 
forms, was much improved if small amounts of iodine were
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present (about 0.5% by formula weight of the total 
antimony concentration). The iodine was added in the form 
of iodine chloride.
B. INFLUENCE 0? PH ON TED? REDUCTION WAVE OF PENTAVALENT 
ANTIMONY. ~~ —  —  ; -
(a) Chloride ion concentration low (0.2 N).
Pentavalent antimony gave no reduction wave with low 
hydrochloric acid concentration (1 N).
As the acid concentration increased, a reduction 
wave developed and became more clearly formed, until 
at an acid concentration of 6 N the characteristic 
double wave was obtained. Hence the acid concentration 
of 6 N or greater appears to be essential for the 
formation of the characteristic reduction wave of 
pentavalent antimony.
(b) Chloride ion coneenterstion ^  high (4 N) , 
Pentavalent antimony gives a single reduction wave,
even with low acidity (0.2 N). As the acidity increases* 
however, a double wave is formed.
Kolthoff and Probst investigated the reduction of 
pentavalent antimony in alkaline media and reported 
that no reduction wave could be obtained.
DISCUSSION.
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Kraus and Novak (9) concluded that pentavalent 
antimony was reduced in two steps in relatively concentrated 
hydrochloric acid, the first wave corresponding to the 
reduction of pentavalent antimony to trivalent antimony, 
and the second wave to the reduction of trivalent antimony 
to antimony in an amalgam. Kolthoff and Probst came to the 
same conclusion.
Lingane and Nishida deduced from the steep slope of 
the second wave in 4 N and 6 N hydrochloric acid that the 
reduction of chloroantimonite ion proceeded reversibly.
They noted that the half-wave potential was virtually 
identical with the standard potential of the reaction -
SbCl 5-p + 3e“ + Hg - Sb(Hg) + pCl"
where p was probably either 4 or 6. They concluded that 
the potential at which the first wave started in the 4 N 
and 6 N acid did not correspond to the reduction potential 
of the chloroantimonate ion to the trivalent state, but 
was merely the potential at which anodic dissolution of 
mercury from the dropping electrode took place, according 
to the reaction
Hg + 4C1~ = HgCl4~ ~ + 2e.
Lingane and Nishida concluded that both hydrogen and 
chloride ions were essential in the formation of the
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reversible species of pentavalent antimony and suggested 
that this species was probably the hexa.chloroantimonate ion 
SbCl^*”. They postulated that in acid solutions containing 
only a relatively small chloride ion concentration, the 
predominant species was an ion containing both oxygen and 
chlorine, such as SbO^C^"", which was evidently not reducible 
in this medium. With increasing hydrogen and chloride ion 
concentrations, more of the oxygen in the complex would be 
replaced by chlorine, until finally the reducible SbCl^"* 
would predominate. They suggested the following reactions
St>02Cl2 + SB? + 2C1“ - SbOCl " + H20
SbOCl4" + 2H+ + 2C1“ - SbClg" + H20
Since very large hydrogen and chloride ion concentrations
were required to produce the reducible species, Lingane and
Nishida concluded that the equilibrium constants of these
reactions were quite small. They calculated that the values
of the diffusion current constants corresponded to a value
of 0.61 x 10-5 cm#2 pep sec> f0r diffusion coefficient of
the hex&chloroantimonate ion under these conditions, and they
obtained a value for the equivalent conductance of the
SbCl^” ion at infinite dilution at 25°C. of approximately 
— p
23 ohm~cm • Brown and Swift, however, considered that it 
was more probable that the pentavalent antimony retained a 
co-ordination number of 6 and that the second species was 
probably an ion of the type Sb(0H)x* Cl^ . , rather than the
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SbC^C^*" suggested by Lingane and Nishida, They also
concluded that since trivalent antimony was reversibly
oxidised in 2 N hydrochloric acid, it existed in hydrochloric
acid solution largely in the form of SbCl^"",
When considering the oxidation of trivalent antimony
to pentavalent antimony, Brown and Swift posed the following
theory: Assuming that the two pentavalent antimony species
present in hydrochloric acid were SbCl^’" and Sb(OH)„Clp x y
then the reactions occurring when trivalent antimony was 
oxidised in hydrochloric acid might be of the type
(3) SbCl4" + 2C1~ - SbCl6~ + 2e~.
(4) SbCl4~ + SbCl6~ Sb2Cl10~.
(5) Hydrolysis reaction:
SbClg- + xHOH * Sb(OH)xCl “ + xH+ + (6 - y)Cl“
Brown and Swift investigated the effect of increasing 
hydrochloric acid concentration on the molal half-cell 
potential for the equation (? ), viz. -
E * Eo - H  lnc — — ----
u SbCl^" . ° C l •
They deduced that since, by equation (5), an increase
in the hydrochloric acid concentration should result in an
increase in the concentration of the hexachloroantimonate ion,
the value of E should become more negative; i.e. as the
hydrochloric acid concentration increases, E should become
more negative. Further, Brown and Swift suggested that
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since reaction (y) was able to proceed at a rather slow 
rate, they considered that equation (3 ) represented the 
reaction when trivalent antimony was oxidised in 
hydrochloric acid.
They deduced, therefore, that the hexachloroantimonate 
ion was initially predominant and concluded that a partially 
oxidised antimony solution would have a more negative 
potential than one which had been allowed to come to 
equilibrium.
In support of the above hypothesis, Brown and Swift 
reported that when a solution of trivalent antimony in 
3*5 N • hydrochloric acid was partially oxidised by 
chlorine, a yellow colour resulted which was characteristic 
of the complex Sb . They found that this colour faded 
upon standing, presumably through hydrolysis, according 
to equation (.5) in which the SbCl^^ was consumed, leaving 
the SbCl^~ ion to be removed according to equation ('%)•
Inl2 N hydrochloric acid, however, where there would be 
little tendency towards hydrolysis by reaction (5), the 
colour did not fade.
Finally, Brown and Swift found that the potential of 
the half-cell: Sb(3)/Sb(5) depended upon the total antimony 
concentration as well as the ratio of trivalent antimony 
to pentavalent antimony.
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SECTION.1*
Review of previous studies
Part III
Polarographio reduction of trivalent antimony
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INTRODUCTION
The early investigations into the polarographic 
hehaviour of antimony led to the discovery that trivalent 
antimony could "be reduced at the dropping mercury electrode, 
Bayerle (i) carried out the first study on this subject 
in 1925 in both acid and alkaline media, Kacirkova (11) 
in 1929 concentrated on the behaviour of trivalent antimony 
in normal hydrochloric acid. This investigation was 
followed by many others.
Media in which the polarographic reduction of 
trivalent antimony has been attempted are as follows:-
(i) Hydrochloric acid (0.001 N - 6 N)
(ii) Sulphuric acid (0.01 N, - 1 N)
(iii) Nitric acid (N, only)
(iv) Salicylic acid (varying concentrations)
(v) Perchloric acid (0.5 N. - 6 N.)
(vi) Tartrate media (acidic, neutral and alkaline)
(vii) Citrate media (acid and alkaline)
(viii) Cyanide media (neutral)
(ix) Alkaline media (0.1 N. - 1 N.)
(x) Hypophosphite media 
(xi) Oxalic acid 
(xii) Acetic acid
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Several investigators have carried out work, in media 
containing ions in solution other than those of the 
principal solvent, and from the results obtained it would 
appear that both the nature and concentration of the ions 
present have a considerable influence on the reduction 
waves of trivalent antimony.
A - AQUEOUS MEDIA.
(i) HYDROCHLORIC ACID.
(a) 0.001 N Hydrochloric Acid:
Breyer, Guttman and Hacobian (12) in 1951 
examined a solution of '.trivalent antimony in 
perchloric acid containing sodium perchlorate and 
0.001 N hydrochloric acid, and reduction waves 
were obtained consisting of two steps which were 
close together. The log. plot was non-linear, 
showing that the reduction was not reversible,
(b) 0.1 N Hydrochloric Acid:
Bayerle (l) reported that solutions of 
antimony trichloride in 0.1 N hydrochloric acid 
gave polarisation curves having rather indistinct 
"bends’1 which he attributed to hydrolysis of the 
antimonous salt.
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Breyer, G-uttman and Hacobian (4) in 1950 
found that in 0.1 N hydrochloric acid containing 
trivalent antimony at concentrations equal to or 
greater than 10~^N, a reduction wave was obtained 
showing a distinct maximum. In a later paper they 
reported that this reduction was reversible and 
that they had been able to obtain good A.C. waves 
without the use of a maximum suppressor.
With perchloric acid and sodium perchlorate 
present, they found that the reduction reverted 
to a non-reversible character, the log. plot showing 
a reciprocal slope of 30 mV. compared with a 
theoretical slope for a 3-electron reduction of 
19 mV. In this medium they recorded a half-wave 
potential of - 0.15 V.
(c) 0.5 N Hydrochloric Acid;
In 1931 Suchy (13) studied the reduction of 
trivalent antimony in 0.5 N hydrochloric acid and 
reported well-defined waves when using fuchsin as 
maximum suppressor. Suchy reported the following 
values for the half-wave potentials-
Jsolution. Antimony concentration.
. . . . . - . . .  .. .... • ' . . .  ^
Half-wave potential.
1.
2.
0.001 M 
0.01 M
- 0.16) Presumed
) measured 
) against 
) mercury
- 0.06) pool anode.
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The solutions from which these measurements were 
obtained also contained other ions. In solution (l) 
barium and arsenic were present and in solution (2) 
barium and tin were present.
Breyer, Guttman and Hacobian (4) in 1950 
observed that in 0.5 N hydrochloric acid containing 
trivalent antimony ions at concentrations less than 
10 "IT, good A.C. waves were obtained with less- 
pronounced maxima than those obtained in 0.1 N 
hydrochloric acid. With antimony concentrations
-3
of 0.25 x 10 N, in the presence of the following 
metal ions;- Bi,.Pb, Tl, Sn, Zn , they reported 
a half-wave potential of - 0.195 V.. vs. the mercury 
pool anode at 20°G* With antimony concentrations 
of 10 N, they recorded a half-wave potential of 
- 0.135 V, vs. the S.G.E. at 20°G. Diffusion 
currents were quoted, but the diffusion current 
constants were not calculated in this paper.
However, the data for'm'andV were included and the 
value of the diffusion current constant could 
therefore be calculated.
(h) 1N.Hydrochloric Acid;
Bayerle (1) in 1925 studied solutions of 
antimony trichloride in normal hydrochloric acid.
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He observed that the deposition potential of 
antimony at the dropping mercury electrode was 
very close to that of the normal calomel electrode, 
and since the potential of the mercury pool anode 
was more negative than that of the N.C.iS*, he 
concluded that solutions containing large antimony 
concentrations could not he polarographed, since 
antimony metal would be deposited at the beginning 
of polarisation. He therefore limited the antimony 
concentration in his experiments to a maximum value 
of 4.36 x 10~3m. Bayerle found that a ten-fold 
dilution produced a wave shift of only 20 mV., 
and concluded that the deposition of trivalent 
antimony proceeded reversibly.
In 1929 Kacirkova (11) studied solutions of
antimony trioxide in normal hydrochloric acid.
With an antimony concentration of 8.2 x 10 \l, he
obtained a curve with two maxima, one pointed and
-5one rounded. He reported that addition of 10 M 
methylene blue suppressed the second (rounded) 
maximum.
Kacirkova concluded that the second maximum 
was caused by an absorption process and not by a 
stage in the electrode reduction process. Since 
only one electrode reduction process occurred,
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he assumed that this consisted of the reduction 
of trivalent antimony ions to the metal, followed 
"by amalgam formation, Kacirkova also pointed out 
that the progress of hydrolysis caused a reduction 
in the antimony ion concentration, thus explaining 
the reduction in wave height occurring with 
increasing applied voltage and hence with time,
Kacirkova also reported the absence of any 
indication of hydroxide formation and assumed that 
this was due to the affinity of antimony for 
mercury.
In 191+1 Kolthoff and Lingane (14) reported 
a good reduction v/ave in this medium. The wave 
exhibited a slight maximum which was easily 
suppressed by methylene blue to leave a clearly 
defined diffusion current. They concluded that 
the reduction process consisted of trivalent 
antimony ions reducing to the metal at the cathode.
In 19^ -2 Page and Robinson (2) also 
investigated the reduction of trivalent antimony 
in 1 N hydrochloric acid and obtained satisfactory 
results using 0.1% gelatin as maximum suppressor. 
They reported that the 0.1% gelatin did not 
seriously depress the height of the reduction wave.
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(Prom this it might be interpreted that some degree 
of wave height reduction did occur .
Page and Robinson reported that antimony metal 
ions were liberated in the presence of normal 
hydrochloric acid at the dropping mercury electrode 
from all inorganic and organic preparations 
containing the trivalent antimony ion.
In ^9k3 Goodwin and Page (15) found that 
trichloroacetic acid, tungstic acid and zinc 
hydroxide interfered with the trivalent antimony 
reduction wave.
Lingane in 19k3 (7) investigated the reduction
of trivalent antimony in 1 N hydrochloric acid, 
using 0,01% gelatin as maximum suppressor and 
found that in the absence of interfering ions the 
wave forms were normal, apart from a small 
irregularity occurring near the top of the wave.
This irregularity had.the appearance of a premature 
maximum, the peak of which occurred at a smaller' 
current than the diffusion current. Lingane 
studied the occurrence of this irregularity and 
reported that its formation depended on the gelatin 
concentration, and disappeared when the gelatin 
concentration was greater than 0.01%, .This probably, 
explains why Page and Robinson did not detect this 
irregularity.
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Ling an e reported that the slope of the wave 
corresponded to a reversible 3-electron reduction 
and suggested that the reducible complex consisted 
of the ion SbC1^~.
In 1950 Offutt and Sorg (16) studied the 
reduction of trivalent antimony in 1.2 N hydrochloric 
acid and obtained clearly-defined waves using 
methylene blue as a maximum suppressor.
In 1951 Breyer, G-uttman and Hacobian (12) 
studied the reduction of trivalent antimony in 
normal hydrochloric acid solutions containing 
perchloric acid and sodium perchlorate. No details 
of wave form were given.
Half-wave potentials in N Hydrochloric Acid;
Bayerle (l) reported the following values 
for the deposition potential of trivalent antimonys-
Antimony concentration. Deposition potential.
b .36 X  10-3 
i|.36 x 10“^ 
1+.36 x 10~5
4.36 x 10-6
------------— _
-  0.115 v .
-  0 . 1 3 3  v .
-  0 . 1 5 3  v .
- 0.2k V.
Bayerle calculated that the normal deposition 
potential of trivalent antimony was - O.O38 V. vs. 
the N.G.E., due allowance being made for the
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diffusion potential between normal hydrochloric 
acid and normal potassium chloride (0*032 V.)
Kacirkova (ll) found that without a maximum 
suppressor, a half-wave potential of - 0.17 V. vs. 
the S.G.E. was obtained. .With methylene blue 
present he obtained a half-wave potential of 
- 0.16 V. vs. the S.G.E.
Page and Robinson (2) found a half-wave 
potential of - 0.15 V. vs. the S.G.E., using 0.1% 
gelatin as maximum suppressor, and Lingane (?) 
in 1943 reported the same value with 0.01% gelatin 
at 23°0.
Offutt and Sorg (16) published a reduction 
curve with methylene blue as maximum suppressor in 
1.2 N hydrochloric acid, showing a half-wave 
potential of - 0.17 V. vs. mercury pool anode.
Breyer, G-uttman and Hacobian (12) also 
obtained a value of - 0.17 v. in normal hydrochloric 
acid containing perchloric acid and sodium 
perchlorate.
Page (17) in 1952 confirmed that the reduction 
of trivalent antimony in 1 N hydrochloric acid 
with 0.01% gelatin occurred at a half-wave potential 
of - 0.15 V.
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Diffusion current constants in N Hydrochloric Acid;
Page and Robinson (2) found that the diffusion 
current constant was directly proportional to the 
antimony concentration in the range 0,05 - 0.0001% 
antimony within the following limitsi-
Antimony concentration. Limits.
10“^ - 1Q~2 M - 2%
10~5 - 10~4 M 1 5%
10"6 - 10-5 M - 10$
Lingane, (7) in 1943* reported a value of 
5.54 at 25°C. for normal hydrochloric acid with 
0.1% gelatin.
In 1949 Kolthoff and Probst (3) reported the 
reduction of trivalent antimony in 1 N hydrochloric 
acid to give a diffusion current constant of 5.61 
at 20°C.
Breyer, G-uttman and Hacobian (12) in 1951
obtained a reduction wave with a slope equivalent
to 20 mV., indicating reversibility. (The theoretical
slope for a 3~electron reduction is 19.7mV.) A value 
* #
for I is not given, but sufficient data is available 
in the paper for its calculation.
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(e) 4 N Hydrochloric Acid;
Lingane and Nishida (8) examined solutions of 
pentavalent antimony in 4 N hydrochloric acid 
containing 0.005% gelatin and reported that a 
double wave was produced corresponding to the 
step-wise reduction of pentavalent antimony, first 
to the trivalent form and then to the metal amalgam* 
The steep slope of the second wave indicated that 
the reduction of the chloroantimonite ion proceeded 
reversibly.
Kolthoff and Probst (3) in 1949 reported that
in 4 H hydrochloric acid, trivalent antimony was 
reduced with a diffusion current constant of 5.56 
at 25°C.
(f) 6 N Hydrochloric Acid;
Lingane and Nishida (8) in 1947 obtained
excellent double reduction waves from solutions of 
pentavalent antimony in 6 N hydrochloric acid, 
containing 0.005% gelatin. They reported that in 
the absence of gelatin the second wave displayed a
sharp maximum. The diffusion currents of the ions
were fully developed in 6 N hydrochloric acid and, 
from the data given,the diffusion current constant 
for the second stage reduction can be calculated.
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The slope of the second wave again indicated 
reversibility for the second stage reduction and 
they concluded that the half-wave potential was 
virtually identical with the standard potential 
of the reactions-
SbCl (3_p)+ + 3e" + Hg = Sb(Hg) + pCl-
P
The value for the half-wave potential reported 
was 0.257 V. vs. the S.G.E. at 25°0.
In 19^ +9 Kolthoff and Probst (3) reported 
that in 6 N hydrochloric acid trivalent antimony 
was reduced with a diffusion current constant of 
4.95 at 25°G. in the absence of oxygen.
(il) SHLPHURIC ACID,
( a ) 0.01 XT Sulphuric Acid;
In 1925 Bayerle (1) reported that the 
solution obtained by suspending antimony 
hydroxide in 0*1 IT sulphuric acid showed a distinct 
reduction wave. The final hydrogen ion concentration 
In the solution was found to be 0.01 N. The reduction 
wave commenced at a potential of - 0.165 V. vs* the 
N.C.E.
In 1951? Lewis and Griffiths (18) reported 
that well defined waves were obtained from antimony 
solutions in sulphuric acid at concentrations 
greater than 0,01 XT, when containing salicylic acid, 
at a concentration of 1 vol. of supporting solution 
in l\. vols. of final solution. They obtained a 
half-wave potential of - 0.60 V. vs. mercury pool 
anode, using alizarine or cellulose as maximum 
suppressors.
(b)-jL XT Sulphuric Acid;
In 1929? Kacirhova (ll) investigated the 
reduction of trivalent antimony in XT sulphuric acid 
in the presence of arsenic and bismuth ions. He 
obtained a reduction curve showing separate and 
distinct waves for these three elements. It is 
probable- that methylene blue was used as maximum
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suppressor, since 0.01 M methylene blue was used 
as maximum suppressor in his work in hydrochloric 
acid solutions, reported in the same paper.
In 19U1, Kolthoff and Lingane (l4)reported 
that the wave in 1 N sulphuric acid showed a slight 
maximum which was easily suppressed by a small 
quantity of methylene blue. The diffusion current 
v/as then very clearly defined.
In 1942, Page and Robinson (2) obtained well 
defined reduction waves in 1 N sulphuric acid 
containing 0,1% gelatin.
Lingane, (v) in 19^3> found that in normal
sulphuric acid the wave forms and diffusion currents 
were very satisfactory in the presence of 0.01% 
gelatin. The slopes of the wave were smaller than 
that required for reversibility and Lingane concluded, 
therefore, that the reduction of the SbO+ complex 
was not perfectly reversible at the dropping mercury 
electrode in sulphuric acid.
It is interesting to note that Lingane*s 
polarogram showed a second and smaller wave, with 
a more negative half-wave potential (-1*0 V.).
Lingane suggested that this might have been produced 
by the reduction of antimony to stibine. The wave
height, however, was less than that required for 
the complete reduction of antimony to stibine. 
Half-wave potentials in 1 N Sulphuric Acid;
Prom the curves obtained by Kacirkova, (11) 
a half-wave potential of approximately - Q.U5 V. vs. 
the S.G.P, can be deduced* Page and Robinson (2) 
in 19U2 reported a half-wave potential of - 0.3U V. 
vs, the S.O.iS. at 25°C. When bismuth was present, 
the half-wave potential for antimony was shifted to 
- 0,25 V. vs, the S.C.JU. at 25°C. in the presence 
of 0,1% gelatin. Lingane in 19^ 4-3 recorded that 
trivalent antimony in 1 N sulphuric acid was 
reduced at a half-wave potential of - 0.32 V. vs. 
the S.G.S. at 25°C. in the presence of 0.01% 
gelatin.
Diffusion current constants in 1 N Sulphuric Acid;
Page and Robinson (2) reported that in 3M 
sulphuric acid, even with bismuth ion present, the 
diffusion current was proportional to the antimony 
concentration. Lingane (?) in 19k3 reported that 
trivalent antimony in normal sulphuric acid gave 
a diffusion current constant of U.9U at 25°G. with 
0,1% gelatin as maximum suppressor.
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(c) 5N Sulphuric Acids C^H^OH (1:1 Mixture)
Portnov and Povelkina (19) reported in 1948 that
in a 1:1 mixture of 5N and ethyl alcohol,
antimony was reduced at Ei = - 0.27V.
2
Wave heights were proportional to concentrations 
over the range 0.00036 to O.OO58N.
With concentrations greater than 0.0007N, two waves 
tended to form.
Por determination of antimony in this medium 
they recommend measuring the total wave, given by 
a solution containing gelatin, and sodium or 
potassium sulphate as supporting electrolyte.
Results were satisfactory provided the polarograms 
were taken immediately after the preparation of the 
solutions.
(d) 10N Sulphuric Acid.
Portnov and Povelkina in 1948 reported that antimony 
Y/as reduced in 10N at a half-wave potential
of - 0.2V.
Wave heights were proportional to concentrations 
of antimony.
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(iii) NITRIC ACID.
Page and Robinson in 1942 reported that trivalent 
antimony was reduced in 13NT. nitric acid at a half-wave 
potential of - 0.17 V. vs. the S.C.S. at 25°C., with 
0.1% gelatin as maximum suppressor.
In 1943 Lingane found that 2.5 mM antimony in 1 N 
nitric acid, with 0.01% gelatin, gave a well defined 
reduction wave. The wave slope in nitric acid was less 
than that obtained in hydrochloric acid, indicating that 
the reduction of the Sb0+ ion was not perfectly reversible 
in this medium. Lingane recorded a half-wave potential 
~ 0.30 V. vs. the S.C.S. at 25°C., with 0.01% gelatin 
as maximum suppressor, and a diffusion current constant 
of 5.10 at 25°C.
(iv) SALICYLIC ACID.
Lev\ris and Griffiths (18) in 1951 suggested that 
salicylic acid might be useful as a supporting 
electrolyte for the reduction of trivalent antimony, 
due to its ability to form complexes. They found that 
well-defined waves were produced, but that the 
satisfactory use of salicylic acid appeared to depend 
on certain factors -
(a) The concentration of salicylic acid was not
critical. Good results were reported, however,
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using 1 vol. of saturated solution in 
k vols. of final solution.
(b) Sulphuric acid (about 5% "by vol.) should
he present to give a final pH of less than 2.
(c) The chloride ion should be absent, since the 
presence of chloride ion was found to alter 
the anodic potential.
(d) The phosphate ion should also be absent, since 
this ion causes coalescence of polarographic 
waves in salicylic acid.
(e) The nitrate ion must also be absent, since in 
acid solution any attack on the anode by an 
appreciable amount of nitrate ion renders 
zero setting difficult. It was also found 
that the nitrate ion had a slight effect on 
wave heights generally.
Alizarine in small amounts was found to prevent 
maxima occurring. In the absence of alizarine, maxima 
were nevertheless suppressed if cellulose was present. 
This was an accidental discovery observed after the 
dissolution of filter paper in sulphuric acid, during 
the preparation of the-antimony solution.
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Half-wave potentials;
Lewis and Griffiths (IB) had recorded a value 
~ 0»60 V* against an internal mercury anode.
Mo diffusion current constants were recorded hut 
data given in their paper indicated that the diffusion 
currents were proportional to the antimony concentrations. 
Y/ith antimony concentrations between 30 and 1500 
micrograms per mil., an accuracy of - 3% was obtained, 
but this accuracy decreased to - 20% when the 
concentration was reduced to betv\reen 5 and 30 micrograms 
per mil. The determinations of antimony were made in 
triplicate and a maximum deviation from the mean of 
6% was obtained in the range 100 micrograms to 1000 
micrograms. The deviations increased as the antimony 
concentrations increased.
(v) perchloric a c i d.
(a) 6 M Perchloric Acid containing potassium antimonite.
Breyer, Guttman and Hacobian (12) found that 
trivalent antimony was irreversibly reduced in this 
medium.' It is of interest that Lingane and Nishida (8) 
found that pentavalent antimony gave no reduction wave 
in pure perchloric acid.
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(b) Perchloric Acid containing 0,2 H hydrochloric acid 
(0.005% gelatin as M.S.)
(i) 1 N Perchloric Acids
Lingane and Nishida (8) found that 0.001 M 
pentavalent antimony in this medium gave no reduction 
wave, although the hydrogen wave showed a slight 
distortion from that obtained in pure hydrochloric acid.
(ii) 3 N Perchloric Acid;
In this medium containing 0.001 N pentavalent 
antimony, Lingane and Nishida found a definite double 
wave developing before the hydrogen wave.
(iii) 6 N Perchloric Acid;
Lingane and Nishida reported a well formed double
wave in this medium containing pentavalent antimony.
The half-wave potential of the second wave was - 0.163 V.
vs. the S.G.E. at 25°0.
(°) 0.5 H Perchloric Acid containing 0.1 H sodium perchlorate.
Breyer, G-uttman and Hacobian reported that 0.001 N
trivalent antimony in this medium gave two irreversible
D.G. steps, separated by 1^0 mV. The ratio of the
diffusion currents was 1 • The half-wave potentials
'2705
?/ere - 0.175 first wave) and - 0.275^second wave) 
against the S.G.E. at 20°G.
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(d) 0,5 N Perchloric Acid containing 0.1 N sodium perchlorate 
and hydrochloric acid.
(i) 0,001 N hydrochloric acids
Breyer, Guttman and Hacobian found two steps in 
this medium which were very close together. The half­
wave potential was not measurable, but they observed 
that the waves represented irreversible reductions,
(ii) 0,1 N hydrochloric acid;
Breyer, Guttman and Hacobian found that in this 
medium the two steps had nov; merged to form one step, 
with a half-wave potential of - 0.15 V. vs. the S.G.E. 
at 20°0., and that the wave had a slope equivalent to 
30 mV, The theoretical slope for reversibility was 
19 mV. Thus the reduction was still irreversible.
(iii) 1 N ■hydrochloric acids
Breyer, Guttman and Hacobian reported that trivalent 
antimony in this medium was reversibly reduced. The 
reversibility-was■shown by the fact that the log. plot 
of the diffusion current curve had a slope of 20 mV.
A half-wave potential of - 0.17 V, vs. the S.G.E. at 
20°0. was recorded.
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(e) 0.5 N Perchloric acid containing 0.1 XT sodium perchlorate 
and potassium bromide.
(i) 0.002 N potassium bromide;
Breyer* Guttman and Hacobian (12) investigated the. 
reduction of 0.001 XT trivalent antimony in this medium 
and obtained a reduction wave with a half-irave potential 
of - 0.114.5 V. vs. the S.C.B. at 20°C.5 and having a slope 
of 32 mV.* indicating irreversibility.
(ii) 0.01 XT potassium bromides
A reduction wave was obtained in this medium having 
a slope of 20 mV., indicating reversibility. A half-wave 
potential of - 0.1k5 V. was again obtained.
(f) 0.5 XT Perchloric acid containing 0.1 IT sodium perchlorate
and potassium iodide.
(i) 0.0001 XT potassium iodides
In this medium* Breyer* Guttman and Hacobian (12) 
obtained a reduction wave with a half-wave potential of 
- Q.II4.8 V. vs. the S.C.E. at 20°C., with a slope of 
23 mV., indicating near reversibility.
(ii) Q.OQOU N potassium iodide;
A reduction wave ims obtained in this medium with 
a half-wave potential of - 0.1 h-2 V. vs. the S.G.E. at 
20°C.* having a slope of 20 mV., indicating reversibility.
- ? 0-
Breyer, Guttman and Hacobian concluded from the 
results of their work in perchloric acid solutions 
that the antimony was present as the 3b0+ complex.
Discussion.
Breyer, Guttman and Hacobian considered that the 
reversibility shown in the presence of halogen ions 
was not due to -the formation of complex halogeno-metal 
ions* However, while antimony was irreversibly reduced 
in 0*5 N perchloric acid, the process became reversible 
in the presence of the 0.0004 3M iodide ion. Further, 
the half-wave potential in 0.5 N perchloric acid was 
shifted to a more positive value after the addition of 
iodide ion. Varying degrees of reversibility in the 
antimony ion reduction process had also been observed 
in supporting electrolytes other than perchloric acid.
Breyer, Guttman and Hacobian considered that the 
reduction of antimony ion could not proceed via the 
iodo complex, as the halogen ion concentration was much 
too small to account for complex formation to any 
appreciable extent. Further, the reduction of antimony 
as the complex ion was unlikely since with rare exceptions 
the reduction of complex ions entailed a negative shift 
of the reduction potential. In addition, varying degrees 
of reversibility of the electrode process were determined,
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no t only "by the presence of halogen ions, hut also hy the 
nature of the cations in the supporting electrolyte,
(vi) TARTRATE MEDIA.
(a) ACIDIC,
(i) Tartaric Acid;
Suchy (13) in 1931 reported that a reduction-wave 
was obtainable from a solution of trivalent antimony in 
tartaric acid.
(ii) 0.4 M Sodium Tartrate containing 0.1 M Sodium 
Hydrogen Tartrate (pH = 4*5).
Antimony salt-0.00086 M potassium antimonyl tartrate.
Maximum Suppressor - 0.01^ gelatin.
Lingane (7) found that in this medium, the reduction 
wave was not so well formed as in alkaline media, and 
reported a value of - 0.83 V. vs. the S.C.E, at 25°C. for 
the half-wave potential.
Lingane obtained a value of I = 3*4 for the diffusion 
current constant, but the value was uncertain owing to poor 
definition of the diffusion current.
(b) NEUTRAL,
(i) 0.01 M Potassium Sul'ohate.
Antimony salt ;- 0.001 M antimonyl tartrate.
Kolthoff and Lingane (14) in 1941 found that a 
fairly well-defined wave was produced at a half-wave 
potential of - 1.07 V. vs. the S.C.E. The main wave was
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preceded by a smaller wav© which commsnoed at about
- 0,5 V. and having a height of about one-fifth that of 
the main wave. Kolthoff and Lingane concluded that the 
main wave represented the reduction of the antimonyl 
tartrate ion SbOO^HgO^~ and that the smaller wave might 
have been caused by the reduction of the antimonyl ion 
SbO+ in sluggish equilibrium with the tartrate complex.
(ii) 0.1 M Potassium Sulphate. (Maximum suppressor 
0.0002% methyl red).
The wave preceding the main wave in this medium 
consisted of a double wave with half-wave potentials of
- 0.1^ 3 V. and - 0.89 V. The heights of the three waves 
were in the ratio 1;3s7.■
Addition of 0.0002% sodium methyl red caused a shift 
of the potential of the main wave in a more positive 
direction to - 1.0 V.
(iii) 0.5 M Disodium Tartrate (pH = 9).
Antimony salt s- 0,00091 M potassium antimonyl tartrate.
In 19^ 4-3 Lingane (7) found that in neutral sodium 
tartrate, a reduction wave was produced exhibiting a 
distinct maximum. The wave comprised three distinct parts 
and Lingane concluded that since the reduction to oxidation 
states between +3 and antimony metal was highly improbable, 
the triple wave probably corresponded to the existence of 
+3 antimony in 3 different ionic and/or molecular states
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in the sodium tartrate solution, with the antimonyl tartrate 
ion predominating.
(iv) 0.5 M Disodium Tartrate + 0.01% gelatin.
Lingane obtained polarograms showing that the three 
parts of the wave were now merged into one, hut showed a 
very poorly defined diffusion current. Lingane reported two 
values for the half-wave potential, viz., - 1.0 V. (vs. S.C.E. 
at 25°C.) and - 1,2V. Lingane also reported a diffusion 
current constant of approximately 3*9 at 25°0.
The addition of 0.01% gelatin effectively suppressed 
the maxima.
(c) ALKALINE TABTKATE
(i) 0.1 M Potassium Sulphate containing 0.002 N caustic soda.
Antimony salt ;- 0.001 M antimonyl tartrate.
Maximum suppressor s- 0.0002^ sodium methyl red.
Kolthoff and Lingane (14) in 19W reported that only 
a single wave was obtained in this medium, but that it was 
clearly defined with a half-wave potential of - 0.94 V. vs. 
the S.C.E.
(ii) 0.05 M Sodium Tartrate containing 0.1 N caustic soda.
(pH = 13.0)
Antimony salt ;- 0.00071 M potassium antimonyl tartrate.
Maximum suppressor 0.01% gelatin.
Lingane (?) found that the diffusion current in this 
medium was sufficiently well-defined to be used for exact
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guantitative measurements. A half-wave potential of 
- 1.32 V. vs. the S.G.E., at 25°C. was reported hy Lingane, 
together.with a diffusion current constant of 3.5U at 25°C
(iii) 0.25 M Tartrate containing 0.5 M caustic potash. 
Kolthoff and Probst (3) found that addition of
tartrate to an alkaline solution of antimony decreased the 
diffusion current constant but had little effect on the 
half-wave potential, shifting it only 0.2 V. more negative 
They reported a diffusion current constant of 2+.8 at 25°C. 
Without tartrate, they obtained a value of 6.0.
(iv) 0.25 Tartrate containing 0.1 N caustic potash.
In 0.1 N caustic potash without tartrate, a wave was 
obtained with a half-wave potential of - 1.07 V. vs. the 
S.C.E. at 25°C. The addition of tartrate shifted the half 
wave potential to a more negative value by 0.2 V. to 
approximately - 1,27 V. The diffusion current constant 
would presumably be less than 5 *9*
(v) 0.25 M Tartrate containing 1 N caustic potash. 
Kolthoff and Probst found that a wave was produced
with a half-wave potential of - 1.15 V. without tartrate, 
but - 1.35 V. with tartrate. Again, the diffusion current 
constant would presumably be less than 6.0.
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(VII) CITRAID3J5SDIA.
(a) Alkali.
Kolthoff and Probst (3) found that addition of 
citrate to a solution of trivalent antimony in caustic 
potash caused a reduction of the diffusion current, hut 
did not affect the half-wave potential. In 0.1 IT caustic 
potash with citrate they obtained a value for the diffusion 
current constant of b>b9 whereas in the absence of citrate 
the value reported was 5.9.
(b) Acid.
In 193*1* Suchy (13) reported that a reduction wave 
was obtained from a solution of trivalent antimony in 
citric acid.
(VIIl) POTASSIUM CYANIDE! MEDIA.
In 1935 Heyrovsky and Ilkovic (20) reported that 
trivalent antimony in 1 N potassium cyanide solution was 
reduced at a half-wave potential of - 1.13 V. vs. the N.C.S. 
( ix )  ALKALINE MEDIA.
Introduction.
In 1935 Heyrovsky and Ilkovic (20^ - introduced the 
concept of half-wave potentials and published a table giving 
recorded values for trivalent antimony in alkaline solution, 
measured against the normal calomel electrode.
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In 191+99 Kolthoff and Probst (3) reported that well- 
defined reduction waves were obtained in potassium hydroxide 
over the range of concentrations s- 0.1 - kQN, and measured 
the half-wave potentials and diffusion current constants 
in this medium.
They also investigated the effect of adding tartrate 
and citrate ions to these alkaline solutions, and. 
discovered that the diffusion current constants were 
thereby reduced. The half-wave potentials were affected to 
a small degree, the tartrate ion causing a shift of about 
0.2 V. to more negative values, whereas the effect of 
citrate was hardly noticeable.
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(a) 0.12 N Alkali.
In 1925? Bayerle (i) investigated the deposition of 
trivalent antimony at the dropping mercury electrode in a 
supporting electrolyte consisting of 0.12 N caustic soda.'
He prepared antimony hydroxide hy precipitation from acid 
media with ammonia. On drying the washed precipitate, he 
found it to be practically insoluble when suspended in 
normal alkali,and the polarisation curve almost coincided 
with that obtained from a pure solution of the alkaline 
hydroxide. On the other hand, wet freshly precipitated 
antimony hydroxide, when suspended in normal caustic potash 
or caustic soda, gave solutions from which antimony was 
deposited at the dropping mercury electrode, even on dilution 
Bayerle plotted his curves manually and expressed his 
results in terms of the normal deposition potentials.
Bayerle recorded the 'following deposition potentials against 
the N.G.E. as reference electrode
Antimony concentration Deposition potential.
0.46 x 10-3 
0.3 x 10-3 
0.12 x 10“3 
1.6 x lO-^
I ....  .... ...............................
- 0.953 V.
- 1.121 Y.
- 1.099 V.
- 1.171 V.
--------------------------- -—
Bayerle considered these shifts to be too great to be 
accounted for by ionic dilution and suggested that the 
deposition of trivalent antimony In alkaline media did not 
proceed reversibly.
-78-
Heyrovsky (20) reported that in neutral or weakly 
alkaline * solution, the reduction of trivalent antimony 
occurred with a half-wave potential of - 0.21 V. vs. the 
N.C.B.
Koithoff and Probst (3) found that in 1 N caustic 
potash, antimony was reduced with a half-wave potential of 
- 1.07 V. vs. the S.G.E. The addition of tartrate ion 
shifted these values to - 1.27 V. approx., whereas citrate 
appeared to have little effect.
Koithoff and Probst obtained a diffusion current 
constant of 5.9 in 1 N caustic potash. They noticed that 
the addition of tartrate or of citrate ion reduced this 
value; e.g., 0.5 M citrate resulted in a diffusion current 
constant of only 4*4.
(b) 0.5 N Alkali I
Koithoff and Probst in 1949 reported well-defined 
reduction waves in 0.5 N caustic potash in the absence of 
oxygen.
No value for the half-wave potential in this medium was 
quoted.
The diffusion current constant was found to have a 
value of 6.0 at 25°G + 1°G. Again, addition of tartrate or 
citrate ion was found to reduce this value. For example, in 
0.25 M tartrate, the diffusion current constant was found to 
be 4.8.
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(c) 1 N Alkali.
Bayerle a )  initially investigated the reduction of 
trivalent antimony in this medium. In 1935 Heyrovsky and 
Ilkovic (20) reported half-wave potentials obtained with 
antimony in 1 N alkali.
In 1941 Koithoff and Lingane (14) reported that the 
antimonite ion (SbOg"") produced a well-defined wave in 
N caustic soda.
In 1943 Lingane, (7) using gelatin as a maximum 
suppressor, found that the wave forms and diffusion 
currents in N caustic soda were very satisfactory.
In 1949 Koithoff and Probst (3) reported a well 
defined diffusion wave in normal caustic potash.
Konopik, (21) in 1950, investigated the effect of 
certain variables on the potential of the mercury pool 
anode in normal caustic soda solution. He found that 
different values for the main standard potential of the 
anode half-cell were obtained when hydrogen and nitrogen 
were used for removing oxygen from the solution. He reported 
that the rate of flow of the gas was also significant. He 
also observed that the half-cell potential was not independent 
of the antimony concentration.
(a) Half-wave potentials;
Bayerle recorded the following deposition potentials 
in 1.05 N caustic soda with varying antimony concentrations,
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measured against the N.O.E.:-
1— ■ .' " l"1 •
Antimony concentration Deposition potential.
4.3 x 10~3 M - 0.957 V.
3.6 x 10-3 - 1.002 V.
1.57 x 10"3 - 1.036 V.
k .3 x 10“^ - 1.183 v.
In 1935 Heyrovsky and Ilkovic reported that in 1 N 
alkali? a half-wave potential of - 1,18 V. vs. the N.G.S, 
was obtained.
In 1941 Koithoff and Lingane published a value of 
- 1>17 V. vs. the saturated calomel electrode, using 
1 N caustic soda as supporting electrolyte.
In 1943 Lingane reported a value of - 1.26 V. vs. 
the S.C.S. for 2.5 mM. antimony in 1'N caustic soda 
containing 0.01% gelatin as maximum suppressor.
In 1949 Koithoff and Probst reported that the half­
wave potential in 1 N caustic potash was - 1.15 V. vs. 
the S.O.K. at 25° + 1°C. They observed that tartrate and 
citrate again had little effect on the half-wave potential. 
However, the tartrate ion shifted the half-wave potential 
t0 ~ 1*35 V.
In 1950 Konopik reported that for trivalent antimony 
concentrations of 10 ^ M, a half-wave potential in the range 
of - 0.9 to - 0.95 V. vs. the mercury pool anode was obtained. 
Konopik also found that when the antimony concentration was 
equal to or less then 10*"^  M, the half-wave potential vs, 
the mercury pool anode, became more negative.
Diffusion current constants;
In 1943 Lingane obtained a value of 4.54 for a 2.5 mM. 
solution in 1 N caustic soda, containing 0.01% gelatin, at 
25°C.
In 1949 Koithoff and Probst reported a value of 6.0.
They found that addition of tartrate or of citrate ion 
reduced this value.
U) HYPOPHOSPHITB MEDIA.
In 1949 Fouchere and Souchay (22) obtained polarograms 
from a solution containing the following cations: Fe, Bi, Sb, 
Cu, Sn, Pb in a hypophosphite supporting electrolyte, 
containing gelatin as maxima suppressor.
A wave for antimony was obtained with a half-wave 
potential of - 0.27V.
-2The solution contained 1 ml. of 10 M antimony solution 
in 20 ml. test solution.
_ p
With 5 ml. of 10 M antimony solution, the curve was 
not so distinct.
(XI) OXALIC AO ID MEDIA.
Portnov and Povelkina in 1948 reported that Sb(3) i*1 
oxalic acid was reduced at a half-wave potential of - 0.4V.
Wave heights v/ere proportional to antimony 
concentrations.
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(XII) ACETIC ACID,
(a) Glacial. •
In 19^2 Backman and Astle (23) investigated the use 
of glacial acetic acid as a supporting medium for the 
reduction of trivalent antimony and reported that normal 
waves were obtained when 0.25 M ammonium acetate was used 
as supporting electrolyte. They obtained half-wave potentials 
which were between 0.1 and 0,25 V. more negative than those 
obtained in aqueous media. The diffusion currents were 
found to be directly proportional to the antimony 
concentration, but the diffusion current constants in 
glacial acetic acid were found to be about two-thirds the 
value of the diffusion current constants obtained in 
aqueous'media. They suggested that this might be due to 
the greater viscosity of the glacial acetic acid.
(b) Acetic Acid (2 M«) containing Ammonium'Acetate ( 2 M,).
In 1953, Desesa and Hume ( 24 ) reported that two 
well-defined waves of equal height were produced by
0.001 M. tri-valent antimony in 2 M. acetic acid 
containing 2 M. ammonium acetate , and 0.01 fo gelatin 
at a pH of 4.8.
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The waves, which were not reversible, exhibited 
half-wave potentials of - 0*400 and - 0.593 volts 
vs* S.C.B. at 25°C., respectively,
A diffusion current constant of 4*2 was reported 
for the sum of both waves.
The formation of the double wave was attributed 
to a slow reaction-rate between different complex 
forms•
(c) Acetic Acid (l M.) containing Sodium Acetate ( 1 M.). 
In 1953, Glamm and Deford (24) reported the 
production of a poorly-defined wave by a solution 
consisting of 0.001 M. tri-valent antimony in
l.M* Acetic Acid containing 1 M. sodium acetate with 
0.001 fo gelatin, at a pH of 4.8.
The wave exhibited a half-wave potential of 
- 0.4 volts vs. S.C.B. at 25° C.
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SECTION 2.
Discussion.
REDUCTION ARP OXIDATION Off 'TRI-VAI&NT ANTIMONY
COMPOIJffDS
Neutral-and Alkaline Media
Potential/Current Data
Very little information appears to have been 
reported on the shapes of the polarograms 
recorded fa?r the oxidation and reduction of 
tri-valent antimony compounds in neutral and 
alkaline media.
Data is also required on the nature of the 
shapes, and the values of the reciprocal slopes, 
of the plots of the relationships
in order that the numbers of electrons apparently 
involved in the reactions occurring at the electrodes 
may be derived, using the equations -
d.e 2
0.0591
n
. - 86~ .
Only two recorded values have "been detected for the
i
reciprocal slope of the relationship Ei. vs, log i^ - i 
for the polarographic reduction of trivalent antimony in 
neutral or alkaline media, (28)(29).
VALUES POE THE RECIPROCAL SLOPE OP THE
PLOTS- E.VS.loa ------r
-------------- n  - 1
SOLUTION COMPOSITION RECIPROCAL
!
Patio of 1
SUPPORTING j SOLUTE 
ELECTROLYTE I
SLOPE OF 
PLOT s-
E.vs.log i
Reciprocal 
Slopes 1
j
j
i
i
i
OH
(N)
Base Sb
- 3
x10 M Formula
h  -  1
'
(Volts)
1.9
1.0
IiOH
KOH
1.0 Na,Sl3S. j 0.130. (28-) 
0.2 ? j 0.076.(29)
t
\  i
5 i - 7 1  !) j
I
If the validity of these two values were to be assumed, 
the extensive gap of 5^tV, between them could indicate an 
apparent transition from a reaction involving 1 electron 
for every 2 moles of antimony compound, to a reaction 
involving k electrons for every 5 moles of antimony compound. 
It would appear unlikely that a small difference in 
alkali concentration could produce such a marked change in 
the apparent number of electrons involved in the reaction. 
Consequently, it may be assumed that the change in slope is 
due to causes other than changes in the numbers of electrons
• -87-
in vo ived in the reaction. However, since the ratios of 
the hydroxyl ions and reciprocal slopes are similar, it 
may he possible for the hydroxyl ion concentrations to 
contribute in some manner to the dissimilarity of the 
slope magnitudes.
The ratio of the antimony concentrations is
approximately three times the 1.731 ratio of the recorded 
reciprocal slopes, but it was considered that such a 
relatively small change of the antimony concentrations 
in dilute solutions would be unlikely to produce such a 
marked change in the reaction processes.
Since the nature of the antimony compound used for 
preparing the solutions was not given by any one of the 
two previous investigators, it was not possible to draw 
any conclusion on possible effectsron the reciprocal 
slopes,due to changes in the nature of the antimony 
compounds formed in solution.
A study of the values recorded for the reciprocal 
slopes for oxidation reactions of tri-valent antimony 
was more rewarding however.
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Haight (29) reported that the plots for the
relationships-
E.vs. log ^  —p
d
for the oxidation waves of trivalent antimony complexes 
in potassium hydroxide, were straight lines, with reciprocal 
slopes varying from 0,047 to 0,037 volts as the concen­
tration of potassium hydroxide increased from 1 to 10 mola.r. 
Other values have been given by Vivarelli (30)#-
VALUES FOR THE RECIPROCAL SLOPE OF THE PLOT;-
E.vs. log —^  
d
1 ■ - - ....  1
SOLUTION COMPOSITION | RECIPROCAL Temp. i
f SLOPS OP 
PLOT;-1 SUPPORTING 
| ELECTROLYTE
SOLUTE (1)
! OK 1 Base Sb
ill •  v kj « -L O ^ * *
j (N) !
S j 
1 1
1Ox (Volts) °c
1 10.0 ! KOH
I )
0.2 0,037 (29" 30
■ 1.0 | KOH
C\1•
O
0.047 (29; 30
j t i
F 0.1 (NaOH(2) ? 0.050-0.060(3)(30:• 25
Notes;- (1) The formula of the Solute was not given by any 
one of the previous investigators.
(2) This solution contained Thymol phthalein 
(30.p.p.m.) as Maximum Suppressor,
(3) Diffusion Current Constant : 2,93.
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Since the slope of the plot:- E, vs. log q 3—r
CL •  S  • □ .
was unchanged by temperature variations up to
40°CfHaight concluded that the abnormal slope was not the
result of a high activation energy for the reaction.
The small negative shift of the half-wave potential 
observed with increasing temperature was considered to be 
characteristic of a reversible reaction.
The plot of the relationships-
= -0.453 ~ 0.060 log 8q£», ( v s .  S.C.E.)
2
was also linear, with a slope equivalent to a 2-electron 
reaction.
Vivarelli (30) had reported that the plots of the 
relationship
E. vs. log -r 1d.e. * & i^ - i
v\rere straight lines having reciprocal slopes in the range 
0.050 to 0.060 volts.
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Conclusions
The tabulated values for the reciprocal slopes for 
0.1, 1.0 and 10N alkali media reveal an approximate 10 mV. 
increase in reciprocal slope for each ten-fold reduction' 
in the hydroxyl ion concentration, indicating a possible 
inverse correlation between reciprocal slopes and hydroxyl 
ion concentrations.
Such a correlation might be produced by the formation 
of complexes in which the product contained antimony in 
both the trivalent and pentavalent forms, and was produced 
by combination of the complexes Sb(OH)^ and Sb(0H)g at the 
surface of. the dropping mercury electrode.
It was considered that the resulting diminution in the 
concentrations of these complexes could be responsible for 
the extension of the voltage span of the wave which 
produced the enhanced reciprocal slope for the plot of
sa.e vs- loe l y r r
In support of this explanation it was considered that 
a high ionic concentration would tend to reduce the rate 
of interaction between'the complexes containing antimony 
in differing valency states, and in consequence the 
reciprocal slope would tend to revert to the normal value 
of 0.030 volts with increasing ionic strength.
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Furthermore, the observed variations in half-wave 
potential with hydroxyl ion activity were in accordance 
with a possible reaction mechanisms-
20H’ + S b ( O H ) y ----------- Sb(OH)g' + 2e.
Since pentavalent antimony had been reported to be 
non-reducible under these conditions, it had been 
considered that the mixed valency complex produced at the 
electrode surface would probably be an unusual form which 
was not normally present in solutions of antimony compounds.
Now the reaction mechanism, suggested by Iiaight, 
required the formation of the hydroxides for trivalent 
and pentavalent antimony respectively before and after the 
reaction.
The mechanism suggested by Cozzi and Vivarelli (5) :
viz. Sb0of + 20H* = SbCu’ + Ho0 + 2e, 
implies the existence of ions not containing bound hydroxyl 
groups.
Since the mobilities of these ions would differ from 
those of the hydroxy-ions, the diffusion coefficients would 
also be expected to differ.
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"B. Diffusion coefficients and Diffusion Current Constants.
(i) Di^ct Correlations Between Diffusion Currents, and 
Antimony Concentrations,
In table 2 are listed the wave-heights, recorded
for the polarographic reduction of trivalent antimony
compounds formed in 2N. NaOH solutions containing varying
amounts of Na^SbS,.3 4
TABLE; 2 COPBELATION BETWEEN ANTIMONY CONCENTPATIONS
AND WAVE-HEIGHTS IN 2N NaOH MEDIA
[Sb] WAVE-HE IGHT S
.HALE-WAVE 
POTENTIAL 
BTCPEMENT ' 
(^Ei) (Volts)
PATIOS
(h) (3* ^ hd x 102 4Ei
p.-
(xI0~3M.) ( Cm. x 104 ) ]>3 tsb].
9.8 0.192
0.21 1.96 2.14
5.03 0.104
0.10 2.33 1.99
2.47 0.0517
0.05 2.09 2.02
1.01 0.0235 .
0.02 2.33 1.98
0.503
1
0.0104
i ' !
The ratios recorded in the last, two columns 
reveal an approximate proportionality of wave-height 
with antimony concentration and also a similarity between
the half-wave potential increments and the wave-height.
' ' '
The range of 1.96 - 2.33 for the ratio j_s
much larger than one would expect from the Ilkovic 
equation but no explanation was offered for this 
deviation from linearity.
(ii) Apparent direct correlation between diffusion 
current constant and hydroxyl ion concentration.
Diffusion current constants which had been reported 
for the reduction of trivalent antimony compounds formed 
in alkaline media have been assembled in Table 3.
Solutions 2 and 6 contained the same antimony 
concentration, but solution 2 was stronger in hydroxyl- 
ion concentration than solution 6 by a factor of ten.
Solution 2 revealed a value for the diffusion 
current constant which was approximately 1.7 fo greater 
than solution 6, indicating a possible direct correlation 
between hydroxyl-ion concentration and diffusion current 
constant.
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TABL3;3. APPARENT CORRELATIONS BETWEEN DIFFUSION 
CURRENT CONS TAINTS AND SOLUTION ' COMPOSITIONS FOR 
THE POLAR QGRAPHIG REDUCTION OF TRIVALENT... ANTIMONY 
COMPOUNDS 1/VHICH ARE FORMED IN ALKALINE MEDIA,
SOLUTION
JJ°-
SOLUTION COMPOSITION
SUPPORTING ELECTROLYTE DIFFUSION ai REF
SOLUTE^
&b]
CURRENT
CONSTANT
NO,
ALKALI t TARTRATE
--
J
BASE CONC’N 
. (M)
NATURE 1 OH
t! jit
1 1.0 NaOII^ - 2-. 5 k.5k
-1.1+6
. 7
2 1*0 KOH — — 1.53 6.0 3
3 0.3 KOH. 0.23 ? ■ ? 1+.8
-1.2
3
k 0.5 KOH — — 0.5 6*0 3
5 0.1 KOH 0.3 Di-Sodium 0.11 3*5b
—2 *1+6
7
6 0.1 KOH
1
1.53 5.9 3
Rote:- (l) Solution contained 0.01$ gelatin as maximum 
suppressor, and. was deoxygenated hy passage 
of nitrogen*
(2) The formula of the solute was not given hy 
any of the investigators.
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) Apparent absence of correlation between diffusion 
current constants and antimony concentrations.
In Table 3 , Solutions 2 and 4 contained 1.0 and
0.5 N. KOH, and 1.53'and 0.5 rr^ . antimony respectively.
The influence, in solution 4, of hydroxyl ion 
reduction would be expected to be revealed by a 
reduction of less than 1.7? in the value for the 
diffusion current constant.
The recorded value for both solutions was 6.0, 
and it may be concluded that this result is in accordance 
with a negligible influence of both the 2:1 hydroxyl- 
ion content ratio and the 3**1 antimony concentration 
ratio.
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(iv) . Apparent Inverse Correlation “between Diffusion
Current Constants and Tartrate Ion Concentration
A comparison of the values recorded for Solutions 
3 - 6, in Table 3 , indicates that the diffusion current
constants for the reduction of trivalent antimony 
compounds formed in alkaline solutions, containing added 
tartrate, are much smaller than for solutions without 
tartrate, and having the same hydroxyl ion concentration.
Furthermore, the extent of the reduction in solution 
5, with 0.5 M. tartrate, is almost exactly twice the 
reduction in solution 3 with 0.25 M. tartrate. The 
influence of the hydroxyl ion concentration variation is 
shown to "be negligible by comparison of solutions k and 
6 and the influence of the different antimony concentrations 
has also been shown to be negligible in the previous 
discussion.
Although the formulae of the solutes were not given 
by any of the investigators, it may nevertheless be 
concluded that some possible significance may be attached 
to the apparent inverse correlation between diffusion 
current constant and tartrate ion concentration.
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M  Oxidation of Trivalent Antimony Compounds
(&) Direct correlation between Diffusion Currents and
Antimony Concentrations.
In Table?4 data is given for the diffusion currents 
recorded for the polarographic oxidation of trivalent 
antimony compounds which are formed in solutions 
containing 1.5M. NaOH and 0.25 M. Sodium Potassium 
Tartrate.
Tables 4;
(Sb) 
(xl 0~^M)
DIFFUSION
diiEREma.- id
(Sb)'
0.71 2 .h6 5*48
0.74 2.55 -3 .44
1.94 6*75 3.48
5.65 19*50 3.45
7.40 25*50 3.44
16.50 57*00 3-45
34.90 120.00 3.44
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The values in the third column for the diffusion 
currents per unit millimolarity of antimony indicate a 
linear relationship between diffusion currents and 
antimony concentrations in accordance with the predictions 
of the Ilkovic equation.
b) Variations in Diffusion Currents, and Diffusion 
Current Constants with Varying Hydroxyl Ion Content
In Table 5 are listed the diffusion coefficients 
and diffusion current constants recorded for the 
polarographic oxidation of trivalent antimony compounds 
which are formed in solutions containing 1M. Tartrate 
and 0.05M. antimony with varying hydroxyl ion contents.
Table:5.
OH • DIFFUSION CURRENTS DIFFUSION CURRENT.
(id) 
(Micro-amps)
CONSTANTS l5J
t! Jtt<N)
o . o x 2.13 2U39
0.10 2.-3.1 * 2.60
1.00 2.26 2.54
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These recorded values for the diffusion currents 
and diffusion current constants reveal a maximum of 2.60 
for the diffusion current constant for 0.01 N. hydroxyl 
ion content. No explanation has yet heen suggested which 
indicates any reasonable mechanism for this maximum, 
and,in the absence of confirmatory evidence,it is not 
possible to draw any conclusion of value from this data.
In Table 6, a number of recorded values for the 
diffusion currents and diffusion current constants have 
been arranged in order of increasing hydroxyl ion content.
In Series A. and C, a consistent decrease in diffusion 
current was recorded with increasing hydroxyl ion content.
The values for the diffusion current constant for
0.2 N. hydroxyl ion concentration in Series B, are less 
than the values recorded for 0.943 N. and 1.877 N. 
hydroxyl ion concentrations in Series C.
It was considered that the very small change in 
tartrate or antimony concentration would be very unlikely 
to cause this disturbance of the general trend, and 
in view of this inconsistency no clear conclusion on 
a possible correlation’could be drawn from these 
recorded values.
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Table : 6.
ELECTROLYTE CONCENTRATIONS. FOR THE OXIDATION OF TRIVALSNT 
ANTIMONY COMPOUNDS WHICH ARE FORMED IN ALKALINE MEDIA*
' SOLUTION COMPOSIT TON
- ------f
DIFFUSION. DTFFTISTON iREE.
NO.
SERIES.
CURRENTS CURRENT !
Micro-amp
CONSTANTS I
!
«I"
I
< SUPPORTING- 1 SOLUTE
EiLiT5CrnT?(jT iYtp. IM w W m A. |1
-3J?
Xl0-3M
OH
(IT) xlO-3M 1
0 . 1 ^
j
!1:
9 9 2.93 50 A
0.2 6.8 0.377 ? 2.03 30 B
0.2 6 . 8 ^ 0.377 9 2.05 30
0.9k3^ 5.oO) 0.3 2.26 2.31 31 C
1.877^ 5 . 0 ^ 0.5 2.10 2.13 31
2.8i|A 2 ^ S . O ^ 0:5 1.89 1.92 31
3.7U5(2) 5.0<3> 0.5 1.75 1.77 31
U.7I1^ 5 . 0 ^ 0.5 1.56 1.59 31
Notes:- (l) Solution contained 1 M. KOI*
(2) Base:- NaOH.
(3) d - Tartaric Acid.
(4) Thymolphthalein (30 p.p.m.) added
as Maximum Suppressor.
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(c) Apparent Inverse Correlation between diffusion currents, 
diffusion current constants and tartrate ion concentrations.
In Table 7 are recorded the values of,the diffusion 
currents and diffusion current constants for the oxidatiop 
of tri-valent antimony compounds which are formed in 
supporting electrolytes consisting of alkaline tartrate 
solutions containing sulphate ions.
An inverse correlation is indicated for the variation 
of both diffusion currents and diffusion current constants 
with tartrate ion concentration.
It is considered that the ap'parent uniformity of the 
rates of decrease of the recorded diffusion currents and 
diffusion current constants with increasing tartrate ion 
concentration might be consistent with the existence of a 
significant correlation between these variables.
Table :7.
APPARENT DIRECT AND INVERSE CORRELATIONS BETWEEN DIFFUSION 
CURRENTS. DIFFUSION CURRENT CONSTANTS AND SUPPORTING 
ELECTROLYTE CONCBKTHAT IONS' POE ffirEDffllON OP 5 x 1Q~^ M. 
ANTIMONY COMPOUNDS IN ALKALINE TARTRATE MEDIA CONTAINING
SULPHATE
        ___
flnrjirPTnN nniurPngT>PTfiw JDOZPJDEIDEL 
[Micro-amps.)
DIFFUSION
CONSTANT
*11”
'J2S
(N)
TARTRATE
(M)
SV
1,0 0.0005 1.0 2.43 2.73
0.0016 1.0 2.40 2.70
0.0125 1.0 2.33 2.62
0.05 0.95 2.32 2.60
0.16 0,84 2.30 2.58
0,5 0.5 2.27 2*55
0.1 0,0005 1.0 2.53 2,84
0.0016 1.0 2.^9 2.80
0.0125 1.0 2.45 2.75
0,05 0.95 2.41 2.71
0.5 0.5 2.35 2.64
0.01 0.001 1.0 2.61 2.93
0.01 1.0 2.54 2.86
0,1 0.9 2.18 2.45
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"(d) Apparent inverse correlation between diffusion current 
constants, diffusion coefficients,, and alkali salt
concentrations«»
The effects have teen investigated of adding varying 
amounts of alkali salts to'O.UT. alkali solutions 
containing trivalent antimony compounds. The diffusion 
current constants and diffusion coefficients for the 
oxidation of trivalent antimony compounds which were 
formed in this media were determined* (30}
The nature of the salts, which were selected to 
reveal the influence of hoth anions and cations are 
given in the following table.
NITRATES
--- - -----------
CHLORIDES SULPHATES
...... “ >
PHOSPHATES
Lithium
Sodium
Potassium
Sodium
Potassium
Sodium
. .. „
Sodium
A number of solutions of each salt, with varying 
ionic strength were prepared in 0.1N. alkali containing 
trivalent antimony, followed by the determination of the 
effects of both ionic strength and nature of the salts 
on the diffusion current constants and the diffusion 
coefficients for the polarographic oxidation of the 
trivalent antimony compounds formed in these media. An 
Inverse correlation between ionic strengths and.diffusion
current constants and coefficients was indicated by the 
results (Table ). Some small differences were observable 
in the values recorded for similar concentrations of different 
salts.No explanation had been offered for this phenomenon.
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Table s 8.
APPARENT INVERSE CORRELATION BETWEEN 
DIFFUSION CURRENT CONSTANTS AND DIFFUSION COEFFICIENTS 
FOR THE OXIDATION OF TRIVALENT ANTIMONY COMPOUNDS
FORMED IN 0.1N ALKALINE MEDIA CONTAINING- VARYING 
AMOUNTS OF ALKALI METAL SALTS. (30)
Salt Diffusion
Current
Diffusion
Coefficient
Nalues. Ionic
Strength
uqsT it
Constant
stjff
(x105)
ftps.
0.316 2.93 0.59
LiNO-z 0.332 2.91 0.58u J 0.447 2.91 0.58it 1,05 2.63 0.47t 1-79 2.35 0.38
NaNO-z 0.332 2.91 0.58t» 5 0.447 2.89 0.57tr 1.05 2.69 0.49n 2.57 1.90 0.25
KUO, 0.332 2.95 0.59St-2 0.447 2.94 0.59if 1.05 2.76 0.52ft 1.45 2.63 0.47
NaCl 0.332 2.93 0.59if 0.447 2.92 0.58ft 1.05 2.79 0.53ft 2.145 2.17 0.32
KC1 0.332 2.95 0.591! 0.447 2.95 0.59ft 1.05 2.91 0.58it 1.90 2.75 0.52
Na9SO, 0.340 2.95 0.59<dt q. 0.500 2.93 0.59ft 1 .265 2.64 0.48if 1.76 2.31 O.36
rTa,Po, 0.347 2.92 0.58-?ft 4-. 0.548 2.82 0.54St 1.45 2*37 0.38
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(C) GENERAL CONCLUSIONS ON POSSIBLE CORRELATIONS
BETWEEN ANTIMONY-OR SOLVENT CONCENTRATIONS AND THE 
DIFFUSION CURRENTS, DIFFUSION COEFFICIENTS AND DIFFUSION 
CURRENT CONSTANTS, FOR THE OXIDATION AND REDUCTION •
’ OF TRIVALENT ANTIMONY COMPOUNDS’
(i) . jVntimony Concentrations
The diffusion currents in general vary with the 
antimony concentrations in accordance with the Ilkovic 
equation,' but some deviation from linearity remain 
unexplained.
The diffusion current constants appear to be 
independent of the antimony concentration, as required 
by definition of the constant.
(ii). Support i.ngnffile'ctr o-ly te Conee nt rat i o ns.
(a) .. Hydroxyl Ion Concentration
Table 9 permits a direct comparison of the diffusion 
current constants for both oxidation and reduction of 
trivalent antimony compounds formed in alkaline tartrate 
media.•
Although the values of the diffusion current 
constants for the oxidation reaction may initially appear 
to be lower than the equivalent values for the reduction 
reaction, this disparity may possibly be attributed to 
the higher tartrate concentrations used in the oxidation- 
reaction solutions, since
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Table? 9,
•COMPARISON OF DIFFUSION CURRENT CONSTANTS 
FOR THUS OXIDATION AND REDUCTION OF TRIVALENT
ANTIMONY COMPOUNDS FORMED IF ALKALINE MEDIA.
No
Solution Composition Diffusion Reaction
(OH)
(N)
Base i(Tartrate) Solute CurrentConstant
If JU
. ! n (Sbi(x10~-dVl)
1 1 .00 NaOH - 2.3 k.5k Reduction
2 KOII - 1.53 0^ • o Reduct ion
3 ? 1 . 0 50.0 2.54 Oxidation
4 KOH - 0.5 6.0 Reduction
5 KOII . 0,23 9 4.8 Reduction
6 0.1 KOH - 1.53 5.9 Reduction
7 KOII 0.3 0.71 3.54 Reduction
8 9 1 .0 50.0 2.60 Oxidation
9 0 . 0 1 ? 1.0 50.0 2.39 Oxidation
Notes;- For reactions 6 and 7? dl = 2.36 and dlx(T) = 1.18
For reactions 7 and 89 dl = 0.94 and dlx(f) =0.94
-10?-
the values for the product dl x /%/ for 0.1 H. alkali, 
derived from both oxidation and reduction data show a 
close similarity. More evidence would be required 
however before a definite correlation could be obtained.
The data for solutions 3,8, and 9 shows both 
positive and negative shifts of diffusion current 
constants with increasing hydroxyl ion concentration 
for oxidation reactions, whereas solutions 2 and 6 
exhibit very little difference with varying hydroxyl 
ion concentration.
The data in Table 9. also revealed both positive 
and negative shifts with increasing hydroxyl ion 
concentration.
Conclusion
Without further evidence, it is not possible to accept 
or to explain these apparent opposite effects of the 
influence of the hydroxyl ion, with varying hydroxyl 
ion concentration, on the diffusion current constant.
A correlation cannot therefore be deduced.
(b).. Tartrate ion Concentration
In both oxidation and reduction reactions, the 
shift of the diffusion current constant for trivalent 
antimony appears to be associated with a shift in the 
tartrate ion concentration in the reverse direction.
The evidence therefore suggests the existence of 
an inverse correlation between tartrate ion concentration 
and diffusion current constant for both oxidation and 
reduction reactions of trivalent antimony.
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•,(c) . Alkali Salt Concentration
Data was available only for the influence of these 
salts on the diffusion current constants for the 
oxidation reaction of trivalent antimony, and an 
inverse correlation was indicated between salt 
concentration and the magnitude of the diffusion current 
constant. Small differences for similar concentrations 
of different salts were detected.
(.3) ) , GENERAL QBSBRVATIONS.
Some possible trends have been extracted from the 
recorded information. Many discrepancies have been 
detected in the published literature and a number of 
conclusions drawn by previous investigators appear to 
have been based on non-reproducible or inconsistent 
data.
It was significant that many discrepancies were 
detected in the data reported by those previous 
investigators who had published voluminous results.
There was a general absence of detailed information on 
the nature of the antimony compounds used for these 
studies, and on the reference cells and relevent 
experimental techniques employed. It would appear that 
many of these discrepancies arose from differing 
magnitudes of a number of possible interfering variable 
factors involved in the experimental systems.
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Investigations into the influence of multiple 
solution components appeared to he premature in view of 
the conflicting results reported from tests in the 
simplest media.
It would appear that initially some clarification 
is required of the phenomena occurring during the 
polarographic reduction and oxidation of trivalent 
antimony in a single alkaline medium, using an 
experimental technique in which all interfering 
variables have either been minimised or eliminated.
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SE0TI0-N 5. 
Expe rime ntal.
-111-
PART 1,- REVIEW OF EXPERIMENTAL TECHNIQUES.
During these investigations all factors which were 
considered to be capable of contributing to errors were care­
fully and critically examined, and, where appropriate, 
methods were developed for eliminating or minimising 
these errors, It was hoped by these procedures to 
produce polarographic, anodic and cathodic waves which 
would be fully amenable to complete multiple-wave 
analyses.
It was especially desirable to ensure freedom from 
the defects which had been detected in the polarograms 
of antimony compounds previously studied, and which had 
prevented current-voltage■analyses of many of these 
_ wave s.
It was also desirable to avoid the discrepancies 
which had been revealed in the analyses of the potential- 
current data for single reduction and oxidation waves 
produced by trivalent and pentavalent antimony compounds.
Investigations were therefore made into the causes 
of each of these defects and discrepancies, and into the 
development of techniques for avoiding many of the 
inconsistencies and anomalies which had been discovered 
in the results reported by previous investigators in this 
field of study*
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Efforts were also made to improve the precision of 
methods for determining polarographic potential-current, 
data in order to obtain an improvement in the degree of 
accuracy with which physico-chemical data could be 
extracted from these polarograms.
It was considered that many of the sources of error 
might be conveniently eliminated by removing from the 
experimental system all unwanted factors especially 
those factors capable of producing variable effects on 
the polarographic waves.
Many of these sources of error were considered to be 
distributed amongst the following experimental components:-
1. - Solutes.
2. - Solvents,
3. - Added Supporting Electrolytes,
4# - Maximum Suppressors.
5* - Deoxygenation Media, Methods and Equipment.
6, - Polarisable Electrode components and mode of
operation*
7* - Non-Polarisable electrode components.
8. - Standard Reference Electrodes.
9. - Electrical leads and connections.
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10. - Cell Resistances.
11. - Electrode Mercury Quality.
12. - Temperature control systems.
13. - Equipment cleaning procedures.
14. - Polarograph potentiometer calibration.
15. - Polarograph current/voltage circuitry.
16. - Recording system.
17. -System for setting and registering
polarograph controls.
18. - Compatibility of equipment units.
Methods for minimising or eliminating sources of error 
which may be distributed amongst these experimental 
factors are discussed in the following sections.
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A- METHODS FOB TH1 PREPARATION OF ANTIMONY SOLUTIONS
I. PENTAVALENT ANTIMONY
(A) Hydrochloric acid media
(1) Hourigan (33) suspended the metal in concentrated, 
hydrochloric acid, dissolving by oxidation with
. bromine or chlorate, 1 gm, metal in 5 nil. of solution, 
was made up to 50 nil. with an electrolyte consisting 
of 450 ml. of concentrated hydrochloric acid and 
550 ml, of 0.5% aqueous gelatin solution.
(2) Lingane and Nishida (8) in 194-7 prepared a standard 
solution of pentavalent antimony using either the 
metal or potassium antimonyl tartrate hemi-hydrate.
(a) frfetal• A weighed sample of powdered antimony
was dissolved in hydrochloric acid with the addition 
of sufficient nitric acid to effect complete 
oxidation. The solution was boiled to remove 
chlorine and oxides of nitrogen, and was finally 
diluted to a known volume in either 2 or 4- N 
hydrochloric acid.
(b) Potassium antimonyl tartrate hemi-hydrate: A 
weighed amount of recrystallised and air-dried 
potassium antimonyl tartrate hemi-hydrate was 
dissolved in 2 N hydrochloric acid, A small 
excess of potassium permanganate solution was
added to'oxidise the antimony to the pentavalent 
state. The solution was boiled to remove chlorine 
and complete the reduction of the trivalent and 
quadrivalent manganese compounds. The solution 
was then diluted to a known volume in 2 N 
hydrochloric acid.
These stock solutions contained from 7 - 14- niM. 
pentavalent antimony and. were found to be stable 
indefinitely. Hydrolytic precipitation occurred when 
the concentration of pentavalent antimony in 2 I 
hydrochloric acid was greater than about 20 mi.
In 194*9 the British Aluminium Company (34) 
published a standard method for the determination of 
antimony in aluminium alloys. Two. methods were 
quoted for the preparation of standard solutions:-
(a) 0.5 gm. pure antimony were dissolved in 100 ml^ 
hydrochloric acid containing bromine. The excels 
bromine was removed by boiling and the solution . 
was then diluted to 1 litre.
(b) 0.5 gm. of pure, antimony were dissolved in a 
few ml. of aqua.regia. 100 ml. hydrochloric acid 
were then added and the solution diluted to 1 litre.
Gelatin was used in the above solutions. If methylene 
blue was to be used, only 0.25 gm* of pure antimony 
were used in methods (a) and (b).
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(4) In 1949 Kolthoff and Probst (3) prepared 
standard solutions of trivalent antimony followed by 
oxidation with bromine to give pentavalent antimony 
solutions.
(5) In 1949 Brown and Swift (10) prepared trivalent 
antimony solutions and these were partially oxidised
by a hydrochloric acid solution saturated with chlorine. 
Precipitates formed after several days in this solution 
when the antimony was half-oxidised to the pentavalent 
state. The precipitates were not of constant composition 
but corresponded approximately to the formula Sb^OgCl^.
(B) Alkaline solution:
In 1950, Konopik and Werner (28) prepared solutions 
containing sodium thioantimonate (Na^SbS^, 9H2O) 
dissolved in 1.5 W potassium hydroxide.
H. TRIVALENT.
(A) Hydrochloric acid media:
Bayerle (1) dissolved pure resublimed antimony 
trichloride in normal hydrochloric acid. The concentra­
tion was checked iodometrically. Antimony concentrations 
of 4.56 x 10~^ M down to 4.$6 x 1 0 3 d  were used.
Bayerle also prepared solutions by dissolving antimony 
trichloride in 0.1 N hydrochloric acid. He noted, 
however, that increased hydrolysis of trivalent antimony
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salts occurred in this medium.
Kacirkova (id dissolved antimony oxide in concen­
trated hydrochloric acid and diluted the solution to 1 N. 
Solutions of different antimony concentration were 
prepared from this stock solution by dilution with 
normal hydrochloric acid. This solvent had to be used 
in order to prevent hydrolysis of the antimony 
trichloride which in 0.1 Uhydrochloric acid appeared to 
be practically complete. The solutions contained 8.2 
x 1 0 antimony.
Suchy (13) used solutions of 0.001 M antimony 
trichloride in 0.5 N hydrochloric acid. The solutions 
contained 11 ml. water, 2 ml. 5 N hydrochloric acid,
2 ml. antimony trichloride (0.01 M), 2 ml. barium 
chloride, 2 ml. arseneous oxide, 1 ml. fuchsin, - total 
volume 20 ml. He also used a solution of 0.01 M 
antimony trichloride in 0.5 N hydrochloric acid containing 
10 ml. water, 1 ml. hydrochloric acid ( 5 2 ml.
antimony trichloride (0.1 M), 2 ml. barium chloride,
2 ml. stannous chloride, 2 ml. fuchsin - total volume 
20 ml.
Page and Robinson (2) prepared solutions in normal 
hydrochloric acid of inorganic and organic preparations 
containing trivalent antimony. The antimony concentra­
tions were within the range of 0.05 - 0.001%.
Preparations used included antimony trioxide, stibophen,
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potassium antimony tartrate, antimony strontium 
tartrate, antimony arsenate, lithium antimony thiomalate, 
sodium antimony thiosalicylate, sodium antimony 
gluconate.
Lingane (?) prepared stock solutions of antimony 
salts from reagent quality materials. The supporting 
electrolytes were also prepared from reagent quality 
materials and in each case the purity of the solution 
was checked by running the residual current curve. The 
concentrations of the components of the supporting 
electrolytes were known to within - 10%.
Offutt and Sorg (16) used standard solutions 
consisting of 0.0508 M antimony trichloride and 200 ml. 
of concentrated hydrochloric acid in 1000 ml. of solution. 
The hydrochloric acid used was of 1.18 - 1.19 specific 
gravity.
Brown and Swift (10) prepared antimony stock 
solutions from antimony trioxide. A known weight of 
antimony trioxide was added to a definite quantity of 
approximately 6-weight formal standardised acid. A 
correction for the hydrochloric acid consumed in 
dissolving the antimony trioxide was made, based on the 
assumption that the solution reaction was -
Sb205 + 6HC1 - 2SbCl^ + 2H20
The antimony concentration of the stock solution was 
checked by titration with permanganate. The stock
solution of hydrochloric acid was standardised against 
potassium acid phthalate by means of sodium hydroxide„
All solutions were prepared from these stock solutions.
Breyer, Guttman and Hacobian (4) dissolved 
antimony trioxide in caustic soda and acidified with 
perchloric acid. They prepared 10  ^M antimony solutions 
in 0.5 N perchloric acid containing 0.1 N sodium 
perchlorate.
(B) Sulphuric Acid:
Bayerle prepared a solution in sulphuric acid having 
a pH of 2 by fully saturating 0.1 N sulphuric acid with 
a freshly prepared antimony hydroxide solution to give 
an acid concentration of 0.01 N.
-4Kacirkova prepared solutions containing 6.8 x 10 M 
antimony trioxide in N sulphuric acid.
Page and Robinson also prepared antimony solutions 
in normal sulphuric acid, using antimony trioxide, the 
antimony content varying from 0.05 - 0.001%.
Lewis and Griffiths (18) prepared antimony solutions 
in a mixture of salicylic acid and sulphuric acid. The 
salicylic acid contained 1 vol. of saturated solution 
in 4 vols. final solution, and the sulphuric acid 
(5% by volume) was present in the final solution to give 
a pH less than 2.
 .......  -‘ ^n r----------
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(C) Nitric Acid.
Page and Bobinson prepared solutions in I N  nitric 
acid containing antimony trioxide with antimony 
concentrations lying in the range 0.05 - 0.001%.
(D) Perchloric Acid 6 N.
Lingane and Nishida saturated 6 N perchloric acid 
with pure potassium pyro-antimonate followed by 
filtration.
Breyer, Guttman and Hacobian dissolved antimony 
trioxide in caustic soda and acidified with perchloric 
acid. The final solution contained antimony perchlorate 
(10~3 M) in 0.5 N perchloric acid, containing 0.1 N 
sodium perchlorate.
(E) TABTBATE.
Lingane prepared antimony solutions in tartrate 
media from reagent quality materials.
(1) Acid Tartrate:
The acidic tartrate solution pH - 4-. 5 contained 
0.4 M sodium tartrate and 0.1 sodium hydrogen 
tartrate.
(2) Neutral Tartrate:
Lingane prepared antimony solutions in 0.5 H 
sodium tartrate.
Kolthoff and Lingane used potassium antimonyl
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tartrate in 0.1 M potassium sulphate without excess 
tartrate.
(3) Alkaline Tartrate:
Lingane prepared an alkaline tartrate solution 
pH - 13-0 composed of 0.5 M sodium tartrate and 0.1 N. 
sodium hydroxide.
Kolthoff and Lingane used a solution containing
0.001 M potassium antimonyl tartrate in 0.002M caustic 
soda containing 0.1 M potassium sulphate.
Cozzi and Vivarelli used potassium antimony tartrate 
in normal caustic soda.
(F) ALKALI.
Bayerle prepared antimony solutions in caustic soda. 
Antimonious hydroxide was precipitated from an acidic 
solution by addition of ammonia. The precipitate was 
then washed and dried. The dry hydroxide was then found 
to be practically insoluble in normal caustic soda. The 
w©t fre shly precipitated antimony hydroxide, however, when 
suspended in normal alkali, was found to give solutions 
from which antimony was deposited, even on dilution. He 
prepared two series of solutions -
(a) 1.05 N caustic soda containing antimony concentra­
tions up to 4.3 x 10~3 M.
(b) 0.12 N caustic soda containing antimony concentra- 
tions up to 0.46 x 10 J M.
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Lingane prepared antimony solutions in 1 N caustic 
soda from reagent quality materials.
Konopik prepared alkaline sodium antimonite solutions 
from antimony trioxide in 1 N caustic soda. He also 
prepared antimonite solutions by dissolving antimony 
trichloride and antimony potassium tartrate in 1 N caustic 
soda.
Cozzi and Vivarelli prepared sodium antimonite solutions
according to the following method:- A boiling solution pf
antimony trioxide in caustic soda (2:1) was poured into
boiling water. The solution was diluted until the caustic
soda was 1 M. The solution was left to stand for several
days and then filtered and titrated in hydrochloric acid
solution with N potassium permanganate with methyl 
10orange indicator. He reported that potassium antimony 
tartrate could be used in place of antimonite.
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' B.- MAXIMJM SUPPRESSION.
Bayerle (l) obtained satisfactory waves in both, acid 
and alkaline media without using maximum suppressors. No 
maxima were reported by him.
Kacirkova, (11) However, obtained reduction waves in 
hydrochloric acid exhibiting one sharp maximum and one 
round maximum; the second (round) maximum was entirely 
suppressed by the addition of 0.2 cc. of methylene blue 
(0.001 M solution.) He concluded that the maximum was caused 
merely by an absorption process.
Suchy (13) found that 2 cc. of fuchsin solution in 
20 cc. total solution effectively reduced the maxima in 0.5
1.hydrochloric acid.
Kolthoff and Lingane (14) confirmed the suitability 
of methylene blue in 1 N acid media. In alkaline tartrate 
media, they used a supporting electrolyte containing 0.0002% 
sodium methyl red.
Hohn (35) recommended 0.2% gelatin in 4 N hydrochloric
acid.
Page and Robinson (2) found that 0.1% gelatin gave 
satisfactory results in normal acid medio, but did not 
seriously depress the wave height.
Lingane (7) used a gelatin concentration of 0.01% 
in acid and alkaline media. 0.2% stock solution was 
prepared and preserved effectively against mould growth 
and bacterial decomposition by addition of a few drops of
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toluene per 100 cc. In hydrochloric acid a peculiar 
irregularity at the top of the wave was observed, but 
Lingane found that the occurrence of this irregularity was 
dependent on the concentration of gelatin. It disappeared 
when the concentration was increased above 0.01%. He 
reported that gelatin frequently had a marked influence on 
the diffusion current constant and recommended that its 
concentration should be carefully controlled and should not 
be larger than was actually necessary. He considered that 
0.01% was usually adequate. Page and Robinson, using 0.1% 
had not observed this irregularity.
Hourigan (33) used 0.5% aqueous gelatin solution with 
an approximately equal volume of concentrated hydrochloric 
acid and reported excellent results for the reduction of 
pentavalent antimony.
Lingane and Nishida (8) obtained satisfactory waves 
for the reduction of pentavalent antimony with hydrochloric 
acid solutions containing 0.005% gelatin. In the absence of 
gelatin in 6 N hydrochloric acid, a sharp maximum was 
observed on the second reduction wave.
The British Aluminium Company (3 4) recommended for 
the reduction of pentavalent antimony in hydrochloric acid 
media the use of either gelatin or methylene blue. With 
gelatin a 1% stock solution was prepared and 5 nil. added 
to 15 ml. of antimony solution to give 20 ml. of final 
solution. With methylene blue, a 0.1% stock solution was 
prepared, of which a few drops were added to 50 nil. antimony
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solution* Gelatin was recomended for solutions containing 
0*5 gm. antimony in 1 litre solution, and methylene blue 
where only 0.25 gm. antimony was present in 1 litre.
Kolthoff and Probst(3) observed that the anodic wave 
obtained during the oxidation of trivalent antimony in 
alkaline media portrayed a pronounced maximum which was not 
eliminated by either gelatin or peptone. This maximum was 
not of the ordinary type, since it occurred when the current 
had attained the value of the diffusion current. Kolthoff 
and Lingane have since suggested that this maximum was probably 
produced through inhibition of the anodic oxidation when the 
potential was positive to the extent that the mercury itself 
was oxidised. It is of interest that a smaller maximum 
occurring on the anodic wave of trivalent arsenic was 
suppressed by the addition of gelatin or peptone, although 
it was not entirely eliminated. In fact, in the presence of 
0.02% gelatin an anodic diffusion current was found to be 
proportional to the concentration of arsenite within the 
range 0.9 -4- x 10~^ M.
Offutt and Sorg (16) used a maximum suppressor stock 
solution consisting of 1 gm. methylene blue in 1000 ml. 
distilled water, 5 ml. of this stock solution were contained 
in 250 ml. final solution, which consisted of antimony 
trichloride in hydrochloric acid media.
Cozzi and Vivarelli, (5) in their investigations of 
the oxidation of trivalent antimony, used basic fuchsin as 
maximum suppressor at a concentration of 0.002% in the final
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solution*
Breyer, Guttman and Hacobian (4) make no mention of 
the use of a maximum suppressor for alternating-current 
polarogr&phy of antimony.
Lewis and Griffiths (18) found that in the reduction of 
trivalent antimony with salicylic acid containing sulphuric 
acid as supporting electrolyte, a small amount of hot 
AnalaR alizarine, when added to the final solution, prevented 
the appearance of maxima. It was of interest that after 
the dissolution of filter paper in the test solution, the 
addition of alizarine was found to be unnecessary, and they 
assumed that the dissolved cellulose acted as a maximum 
suppressor.
Kraus and Novak (9) used 0.01% gelatin in the 
polarographic reduction of pentavalent antimony in 2 N 
hydrochloric acid. No mention was made of the irregularity 
at the top of the second wave, which was obtained by Lingane 
in 1 N hydrochloric acid containing 0.01% gelatin.
Page (36) recommended the use of 0.01% gelatin in 
normal hydrochloric acid media for the reduction of trivalent 
antimony.
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C. PE-OXTgENATION.
Bayerle a) did -not mention the necessity for prior
removal of oxygen before polarography of an antimony solution.
Kacirkova (in also failed to record the necessity for 
oxygen removal prior to the electro-reduction of the antimony 
ion.
Suchy (13) made reference to the use of hydrogen for 
prior removal of oxygen and pointed out that hydrogen could 
also reduce ions to lower valencies even to the metallic 
state.
Page and Robinson (2) bubbled hydrogen from a cylinder 
through the solution for ten minutes before electrolysis 
in order to drive out dissolved oxygen.
Hourigan (33) reported that when using hydrogen to 
sweep out the dissolved oxygen, difficulty was experienced 
during polarographic analysis of antimony solutions, owing 
to a movement of the'whole system towards zero voltage. In 
fact, on one occasion he reported that the antimony step rose 
on the positive side of the zero. When nitrogen was used in 
place of hydrogen the trouble was eliminated.
In the British Aluminium Company's published method 
(34) 9 for the determination of antimony in aluminium alloys, 
the following procedure was recommended:-
(1) Acid solution - Nitrogen was first bubbled through 
freshly prepared alkaline pyro-gallol to free it from 
oxygen, and was then passed for 15 minutes through
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5 ml. of solution*
(2) Alkaline solution - Sodium sulphite was added and 
in several minutes the complete reduction of oxygen 
was achieved.
Lingane and Nishida (8) removed dissolved air by 
using hydrogen, or nitrogen which had been purified by 
passage over copper gauze at about 4-00°C.
Offutt and Sorg (IS) passed oxygen-free nitrogen 
for 3 - 5 minutes at 200-250 ml. per minute.
Breyer, Guttman and Hacobian (4) recorded that in
A.C. polarography dissolved oxygen need not be removed 
before determining other constituents.
Knnopik (21) noted the discrepancy between recorded 
values of the half-cell potential for the system: mercury/
N. caustic soda, obtained in trivalent antimony solutions, 
and the values reported in the literature. He investigated 
the stationary potential of the half-cell: mercury/N. caustic 
soda against a saturated calomel electrode. In a stream of 
nitrogen a value of 0.18 V. was obtained; in a stream of 
hydrogen a value of 0.5 V. was obtained. If the cell was 
then left for a while, the half-wave potential became more 
positive.
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I).- ELECTRODE SYSTEMS.
1« Non-Polarisable Electrodes. ■
Bayerle a) recorded deposition potentials against 
the normal calomel electrode in both acid and alkaline media 
and noted that the deposition potential of antimony at the 
mercury cathode was very close to the potential of the N.C,E. 
He further observed that the anodic potential of the mercury 
pool anode was more negative than that of the N.C.E., thus. 
preventing the use of large concentrations of antimony, 
since in such solutions antimony would be deposited at the 
very beginning of polarisation.
Kacirkova (in used the saturated calomel electrode 
in acid media for recording the normal deposition potentials.
Suchy (13) also recorded deposition potentials against 
the N.C.E., but reported that the potential of the mercury 
pool anode in 9% solution of sodium potassium tartrate 
was about the same as that of the N.C.E.
Heyrovsky and Ilkovic (20) in 1935 recorded half-wave 
potentials measured against the N.C.E. in neutral, alkaline 
and cyanide media.
Page and Robinson (£) considered that if the area 
of the anode mercury pool was less than 1 sq. cm., the 
electrode might not remain depolarised and would therefore 
not retain a constant potential. They used, therefore, a 
cell with a larger anode. They reported that the use of a 
cell employing a permanent external anode of the type used
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by Lingane and Laitinan, was inconvenient owing to cleaning 
difficulties, and they finally adopted a cell similar to the 
one originally used by Heyrovsky, consisting of a 50-ml.- 
Erlenmeyer flask having 3 side arms. The first of these was 
used for the passage of hydrogen; it terminated in a 
capillary reaching almost to the centre of the flask and 
just above the surface of the mercury pool anode. The second 
arm carried the electrical connection to the mercury pool.
The third arm opened directly into the flask, about 1 mm. 
above the surface of the mercury, so that it was partially 
filled with the solution to be polarographed. The S.C.E. was 
inserted into the tube, enabling the potential of the quiet 
electrode to be examined at any time during electrolysis.
The area of the mercury pool anode was about 20 sq.cm. and
15 ml. of solution were required for electrolysis. Both acid
and alkaline media were used.
Lingane (7) used the normal H type cell with either
an S.C.E. or mercury-mercurous sulphate reference electrodef
Lingane and Nishida used a normal H cell with an S.C.E. 
as reference electrode. They considered that in 0.2 N 
hydrochloric acid the anodic dissolution potential of mercury 
was more positive than in 6 N hydrochloric acid, due to the 
smaller chloride ion concentration.
Kolthoff and Probst (3) also used the S.C.E. as 
reference electrode. Offutt and Sorg, however, used the 
mercury pool anode in hydrochloric acid media.
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Cozzi and Vivarelli (5) carried out investigations 
on the oxidation of trivalent antimony using a cell with a 
separate anode. The reference electrode consisted of the 
following system:- Hg - HgSO^ - saturated Na2S0^ in 
alkaline solution. This electrode was used to avoid the 
reduction of the trivalent antimony ion by the mercury. It 
is of interest that a strong anodic current was observed at 
the commencement of electrolysis and occurred after a movement 
of the slide contact on the potentiometer drum.
Cozzi and Vivarelli in 1951 (31) used the saturated 
calomel electrode for their further work in alkaline media 
on the anodic oxidation of trivalent antimony.
Breyer, Guttman and Hacobian (12) used the S.C.E. for 
alternating-current polarography of trivalent antimony in 
acid solutions.
Konopik (21) investigated the effect^on the potential 
of a mercury pool .anode of (i) the nature of the gas used 
for the removal of oxygen and (ii) of the trivalent antimony 
concentration. The potential of the mercury pool in contact 
with a normal caustic soda solution was measured against 
the S.C.E, If nitrogen was passed through the solution, the 
reproducible normal standard potential of the half-cell 
Hg-NaOH was 0.18 V.; with hydrogen, the potential became 
- 0.30 V. If the cell was then left alone for a while, the 
potential became positive. If mercuric oxide (HgO) was 
added to the cell, the potential moved to - 0.11 V.
Konopik considered that these variations in the 
potential were not due to variations in-the potential of the 
mercury anode. Although the hydroxyl ion concentration 
normally governed the potential of the mercury pool in 
basic electrolytes, he considered that, in solutions containing
it
the antimony ion, complex antimony ions would also be 1
: |
present. j
: l|
Konopik investigated the influence of other anions on : j
' !
the potential. The standard potential of the system ' i |
Hg-Na^SbO^-NaOH (IN) vs. the S.C.E. was studied, using |
varying concentrations of sodium antimonite. The sodium j
; j.
antimonite solution was prepared by dissolving antimony 
trioxide in 1 N caustic soda. It was found that as the if
antimony concentration increased, the potential became more 
negative than the standard potential for the system j
Hg-NaOH (IN) by hundreds of milli-volts. j:
: I
The potential of the system Hg-Na^SbO^-NaOH (IN) was f
also studied against a polarised dropping mercury electrode If
with increasing applied voltage and increasing antimony Jj
concentration. As the antimony concentration increased, the 
potential became smaller, and he deduced that polarisation 
of the mercury pool anode could occur. He explained that j
concentrated-antimony solutions caused negative potentials 
of the mercury anode and hence a reduced positive potential 
has to be applied to the anode for the reduction to occur. j
Thus, deposition of antimony was achieved with smaller I
: !:
negative applied potentials# I
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Konopik concluded that, for the exact determination of 
the half-wave potential, it was advisable to measure 
directly against the appropriate reference electrode and 
not against the mercury pool.
In trivalent antimony solutions containing anions other 
than Sb02 and OH” , e.g. tartrate or chloride ions, the 
half-wave potential was determined mainly by the trivalent 
antimony ions, although the anions do have some effect.
*He recorded that in a 10 J M trivalent antimony solution, 
the half-wave potential calculated against the S.C.E., using 
the value obtained experimentally against the mercury pool, 
was between - 0.90 and - 0.95* whereas the half-wave 
potentials obtained directly against the S.C.E. by other 
investigators were - 1.17 and - 1.26. He also noted that
-Zl
if the antimony concentration was equal to or less than 10 : M
the half-wave potential was more negative owing to the
potential of the half-cell Hg(pool)-NaOH becoming more
positive. One would expect, however, that the half-wave
potential would be less negative. It is clear,therefore,
that the potential of the half-cell Hg-Na^SbO^-NaOH(N)
becomes more negative as the antimony concentration increases
-3and that if the antimony concentration is greater than 10 
the mercury anode is made more negative, whereas if the
_Zl
antimony concentration is less than 10 M, the mercury anode 
is made more positive. Hence, the half-wave potential of 
trivalent antimony in normal caustic soda is not independent
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of the antimony concentration when the mercury pool anode 
is used, and again it is preferable to use an independent 
reference electrode.
Lewis and Griffiths (18) investigated the 
polarographic reduction of trivalent antimony in salicylic 
acid media, using an internal mercury anode. It is 
significant that the presence of chloride ion was found to 
alter the anode potential in the case of ions other than 
antimony.
Finally, it is of interest to note that during the 
reduction of pentavalent antimony in 6 N hydrochloric acid, 
the potential at which the first reduction wave commences 
was reported (3) to correspond to the anodic dissolution 
potential of mercury Hg + 4-Cl~ss HgCl^"" + 2e, and is much 
more negative than the true potential for the reduction of 
pentavalent antimony to trivalent antimony.
2• Mercury for Polarisable and Non-Polarisable Electrodes.
The reported half-wave potentials for electrode 
reactions involving antimony compounds under similar 
experimental conditions, had. been observed, to vary over 
extraordinarily wid.e ranges. In some cases the range 
exceeded, one Volt.
The methods for measuring these potentials consisted, 
in many cases of observing the half-wave potentials vs. 
the mercury-pool reference electrode, followed, by comparison 
of the mercury-pool electrode potential with that of a 
standard, reference half-cell such as the Saturated. Calomel 
Electrode.
It was considered, that the wide variations in recorded, 
half-wave potentials might be associated, not only with the 
reaction occurring at the polarised electrode but also with 
certain characteristics of both electrodes, including the 
degree of purity of the mercury used, in the electrodes.
The possibility of a relationship between the 
purity of mercury and. the magnitud.e of the mercury-pool 
reference electrode potential had. not been mentioned, in 
previous publications on this subject, but it would, appear 
to be reasonable to assume that the presence of a surface 
monolayer of impurities at the mercury/solution interface 
could, materially alter the characteristics of the mercury- 
pool reference electrode.
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It was considered that the influence of trace 
impurities at the siirface of the mercury drops forming 
at the polarisable electrode might be even more significant 
than the influence of impurities in the pool-electrode 
mercury.
These possible effects do not appear to have been 
considered by previous workers, and no authoritative 
statement on the possibility of a relationship between 
mercury impurity content and potential has been discovered.
It was therefore considered to be desirable to 
minimise or eliminate any possible influences during these 
studies by ensuring that the mercury used in the electrode 
system was of the highest attainable degree of purity.
11 CLASSIFICATION OF IMPURITIES
The impurities to be expected in the mercury supplied 
for, and recovered from, these studies could be classified, 
according to their solubility in mercury, into two main 
groups:-
CROUP 1:- Insoluble material - Suspended or Floating 
Impurities.
G-ROUP 2:- Dissolved metals.
The dissolved metals may be further divided into two 
sub-groups, according to their tendency when in contact 
with air, to form insoluble oxide films
Group 2A:- Base Metals
Group 2B:- Ntble Metals
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III. CONSIDKRATION OF THE NATuRE OF THE IMPURITIES 
GROUP I:- INSOLUBLE MATERIAL 
These insoluble* impurities may consist of 
dust, fluff, grease, oil, water or base-metal 
oxide skins.
GROUP 2:- SOLUBLE MATERIAL:-
A - Base Metals
The more common base metals indigenous to 
mercury, such as aluminium, cadiurn, copper, lead, 
tin and zinc, were to be expected in varying 
amounts, in the mercury initially supplied for these 
studies.
(2) Mercury recovered after tests
Since these studies were'to be concerned principally 
with the reduction of antimony complexes to antimony 
amalgams, the mercury recovered from these tests would be 
contaminated with varying amounts of antimony. In 
addition, other contaminants, mainly base metals, would 
be derived from the reduction of trace impurities in 
the supporting electrolytes.
B - Noble Metals
Minute traces of noble metals, indigenous to mercury, 
such as gold, silver and platinum may be present in 
varying amounts.
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IV CONSIDERATION OF POSSIBLE EFFECTS OF THESE
IMPURITIES ON POLAROGR.VPHIC STUDIES
A. PHYSICAL'EFFECTS.
l'W Insoluble Impurities
Suspended or floating impurities may influence the 
physical properties of mercury and produce erratic 
mercury mass-flow rates and drop times.
Severe contamination may cause partial or complete 
blockage of the dropping-mercury-electrode capillary.
Z/ Base Metals
Since the base metals, on being exposed to air at 
the surface of the mercury, readily form insoluble oxide 
skins, these metals can be responsible for physical 
effects similar to those described in the preceding 
paragraph.
B. EFFECTS ON THE DESIGN OF EXPERIMENTS
The multiplicity of impurity species, and of their 
concentrations in mercury, may be expected to produce a 
wide variety of physico-chemical effects in these 
studies and may superimpose a large number of additional 
factors on the designed experimental systems.
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Fur thermo re , since the identities and concentrations 
of these impurities in the mercury phase may not be 
reproducible from test to test, and indeed are even 
likely to alter during tests, it appears that many of 
the additional physico-chemical factors may be variable 
in nature and also, possibly, in extent.
The combined effects of these additional, unwanted, 
static and variable factors could clearly be minimised 
if the multiplicity, both of species and concentrations 
of these impurities, could be reduced to negligible 
levels before each experiment.
C. PHYSICO-CHEMICAL EFFECTS 
1/ IMPURITIES OTHER THAN AMTIMOiMY 
a/ Introduction
The electro-chemical effects of impurities in electrode 
mercury did not appear to have been subjected to system­
atic investigation. Although extended investigations of 
this nature were outside the scope of this programme, 
it was considered to be desirable to examine the salient 
effects to be anticipated when impure mercury was 
present in:-
(1) the Dropping Mercury Electrode
(2) the Fool Reference Electrode
(3) both electrodes
These effects are discussed in the following sections.
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(1) Impurities in the Dropping Mercury Electrode
Impurities in the dropping mercury electrode would 
be potentially capable of producing interfering 
secondary reactions at the electrode/solution interface.
On application of oxidising potentials, impurities 
in the surface layer could enter the solution as ions, 
and return to the electrode when the potential passes 
through zero to a cathodic value, thereby producing 
additional diffusion currents.
(2) Impurities in the Reference Electrode Mercury
Barker had reported that the Square-Wave Polarograph 
would function efficiently provided the internal 
resistance of the cell unit was low, of the order of 
50 ohms. (3?)
Barker had accordingly proscribed for square-wave 
polarography the use of reference electrodes of high 
internal resistance, including reference electrodes 
requiring bridges or membranes. The mercury-pool 
electrode was therefore exclusively used for square- 
wave polarography.
Many of these polarographic studies were performed 
with the aid of a Square-Wave polarograph, and in order 
to facilitate comparisons with P.O. polarographic data 
it was necessary to use mercury pool reference electrodes 
throughout the test programme, the pool electrode being 
calibrated against a saturated calomel electrode.
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Owing to the small current density permitted at 
the mercury pool electrode it might he expected that 
the influence of impurities in the mercury pool would 
he small when compared with the influence of similar 
impurities in the dropping-electrode mercury.
At appropriate oxidising potentials however, 
impurities in the surface layer of the mercury pool 
might he expected to enter the solution as ions and 
diffuse in the direction of the polarisable electrode.
In the presence of a supporting electrolyte, 
migration under the influence of the potential field 
would no doubt be minimised, but the possibility of 
these ions being deposited on the dropping mercury 
electrode was nevertheless recognised.
Apart from a short study by Israel (38),effects of 
impurities in the mercury pool electrode did not appear 
to have been subjected to extensive systematic 
investigation, and the results of Israel’s investigations 
are accordingly discussed in the next section.
b/ ISRAEL'S INVESTIG-ATIONS (38)
1# Objects
In 1958, Israel reported unusually large diffusion 
currents during rapid polarographic determination of 
blanks.
On investigating this phenomena he noted that the 
magnitudes of these currents were related to the degree 
of impurity of the mercury forming the pool reference 
electrode.
This relationship was made the subject of further 
studies by Israel, using samples of Impure mercury for 
the pool electrode and purified mercury for the 
polarisable electrode,
2. Purification Procedure
The purification process consisted of acid extraction, 
followed by triple distillation and final de-greasing, 
using hot molar potassium hydroxide and a final acetone 
wash,
5. Test Procedure
Israel's test procedure consisted of recording "blank" 
polarograms for the following supporting electrolytes
a) 1M. NH^OH + lM.NH^Cl, containing 0.1% gelatin and 
2%Na2S04.
b) M. NaOH and 2% ILa^SO^.
L.G. Polarograms were recorded over the full potential 
range permitted by the supporting electrolyte.
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4*- Results
With impure mercury as the pool electrode, Israel 
found a much larger initial current, at approximately 
zero applied potential, than was obtained when using 
pure mercury.
The magnitude of this enhanced current was reported 
to be proportional to the concentration of the impurities 
in the mercury pool.
The remainder of the "blank" polarogram appeared 
to be unchanged in shape.
5* Discussion
These investigations were confined
a) to the mercury pool electrode, and
b) to alkaline supporting electrolytes.
However the observations reported by Israel
conformed, broadly to the conclusions drawn from the 
investigations reported in Part 2. Israel offered 
no suggestions regarding the mechanism of this 
phenomena, but there appear to be at least two possible 
explanationss-
(i) A larger current might arise from a change 
in the character of the mercury pool reference 
electrode when containing impurities. The electrode 
may even approach more closely the ideal condition of 
non-polarisability.
*-Pages:-146-198.
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(ii) Alteamatively, impurities passing into solution 
from the mercury pool may he reduced at the polarisable 
electrode.
If this suggestion is in fact correct, it would he 
anticipated that the impurity diffusion currents might 
he revealed by a series of separate steps at the respective 
half-wave potentials rather than hy an increase in the 
initial current.
The validity of this second explanation would he 
supported if it could he shown that a similar polarogram 
was obtained on extraction of the mercury with 
supporting electrolyte, followed hy polarographic 
analysis using pure mercury electrodes.
Israel did not suggest, or investigate, either of 
these possible alternative mechanisms.
3) IMPURITIES IN BOTH EhBCTHQDBS.
It was of interest that although Israel’s studies 
were solely concerned with the effects of impurities in 
the mercury pool reference electrode, Israel nevertheless 
concluded from his results that the purity of the 
dropping-electrode mercury was more important than that 
of the pool reference-electrode mercury.
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This statement would appear to be valid in connection 
with the physical effects of impurities, but it is 
not clear from - Israel1s paper how this conclusion may be 
drawn from the results of his work., nor whether he 
intended to interpret the effect of impurities in 
the poleris-ble electrode from the physical or physico­
chemical aspect.
It was felt however that some simple preliminary 
tests might show whether this statement was valid in 
the physico-chemical sense as well as in the purely 
physical sense.
Some practical studies were accordingly performed 
and are reported in the next section.
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SBCTIOM 5/
Experimental
Part II
A study of the influence on Square-Wave Polarography 
of impurities present in mercury used for:-
(i) the Propping Mercury Electrode.
(ii)the Pool Reference Electrode.
(iii) tooth Eleotrodes.
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(A]_ Supporting Electrolytes 
It had been noted that the studies performed by 
Israel were confined to an alkaline supporting 
electrolyte, of Molar strength,with additives.
Since metals were in general more soluble in acids 
than in alkaline media,it was considered that the 
effects of impurities,especially of the metallic kind, 
might be more pronounced when an acidic supporting 
electrolyte was used,such as nitric acid.
Potassium chloride was also a particularly good 
supporting electrolyte for metals as well as for 
other substances.
It was therefore considered that tests using these 
two supporting electrolytes would provide a 
significant indication of polarographic effects of 
impurities in electrode mercury, especially in those 
instances where the solubility of the impurity in 
the supporting e-l^ctrolyte was a contributory factor. 
The purest available reagent-quality chemicals were 
used throughout this series of tests, with 
’equilibrium* quality water for solution preparation.
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(B) Inst rument at i on.
It was considered to be desirable to apply to this 
series of tests the highest available degree of 
instrumental accuracy, and since this order of 
sensitivity was associated with the Square-Wave 
Polarograph, arrangements were made for access to 
one of these instruments. (Pig.l).
Preliminary tests with the Square-Wave Polarograph 
had shown that the instrumantal performance varied 
writh the nature and concentration of the supporting 
electrolytes, and in addition ,it was necessary to 
ensure that the total internal resistance of the cell, 
including the capillary resistance was less than 50 ohms.
This condition was necessary in order to ensure 
linearity between the maximum peak height and the 
concentration of the reacting species.(37).
A low/ resistance also assisted in the separation 
of the A.C. component-of the cell current, wdiich was 
associated vath the electrode reaction, from the -component 
connected writh the charging and dis-charging phenomena 
at the double-layer round the mercury drop.
1Fig.l.
The Square-Wave Polarograph, Mark 5, which was used
for these studies.
a —
^ ^ ^ ^ 4 0  50 60 70 80 90 100
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1 In order to avoid contamination of the mercury pool 
anode with mercury emanating from the dropping— 
mercury electrode, a special cell was designed 
(Figs.2 and 3) incorporating the Barker annular 
pool reference electrode,which ensured that the 
mercury drops entered a reservoir below the pool 
without■contaminating the pool surface.
It was essential that the cell should be accommodated 
in a thermostatically-controlled,constant-temperature 
water bath for reproducibility of the controlled 
temperature of the cell and contents#
Since the Square-Wave polarograph to be used for 
these studies was fitted with a Cambridge water bath, 
the cell was designed to fit the recesses in the 
cell cage (Fig.4).The cell was equipped with side arms 
for extraction of mercury from the pool reservoir, 
for electrical- contact.with'the mercury-pool-anode and 
for either de-oxygenation or insertion of a 
Standard Reference Electrode,such as a Saturated 
Calomel Electrode.
Fig92 e
Glass Polarographic Gellf incorporating a Barker annular 
pool unit, which was designed for these studies.
3?ig»5»
Glass Polarographic Cell equipped with dropping-mercury 
electrode, pool electrode connector and nitrogen tube.
Polarographic Cell assembly mounted in constant-temperature 
thermostatically-controlled water bath«
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J S L  Supporting Electrolyte Concentrations.
The phase in the operating cycle,at which the
upper limit of the internal resistance was considered 
to be critical,occurred towards the end of the drop 
life, at the moment of time when the output voltage 
was sampled. It had been observed in previous
studies that the optimum performance was obtained 
when using,as supporting electrolytes,potassium 
chloride of molar strength and nitric acid of 
deci-normal strength. These concentrations would 
therefore be used for these studies of the influence 
of impurities in electrode mercury.
(D) Mercury Samples.
The sample of*impure* mercury to be used for these 
tests consisted of a batch of Analytical Grade mercurys (B). 
A film of grey substance was present on the surface 
of the mercury, and although this film was readily 
removed by passage through a perforated filter-paper, 
it was observed hhat the film re-appeared on standing.
The sample of *pure* mercury to be used for these 
tests consisted of a portion of the ’impure* mercury 
which had been cleaned by air-oxidation,separation of 
insoluble material, extraction with.J=0;v nitric acid 
and by ’equilibrium'* water, followed by triple,vacuum 
distillation, in batches*(A).
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(E) Test Procedure.
The two mercury samples were distributed between 
the dropping-mercury and pool electrodes in 
accordance with the four possible alternative 
arrangements.
For each arrangement,polarograms were recorded 
with each of the selected supporting electrolytes.
In order to determine the effect of prolonged 
electrolysis on the polarographic influence of the 
impurities, the polarograms were recorded initially 
with increasing negative potential scan,followed 
by a further scan with decreasing negative potential.
In order to eliminate interference by additives, 
the supporting electrolytes were not subjected to 
de-oxygenation, and maximum suppressors were not 
added.
The tests were performed with the bell and s 
contents maintained at a temperature of 25° i 0.1°C.
(P) Results
(i) Polarogramss
Typical polarograms produced by this series of 
tests are shown in Pigs. 5-lE.Th© characteristics. of 
these polarograms have been assembled in Tables 2 0-17.
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TABLB 10.
INFLUENCE OF BLSCTRODE-MERCURY QUALITY ON POLAROG-RAPH10 PEAK-
h e i g h t s.
SXF3RIM1INTALDATA.
Support ing Distribution of Peak Heights
Electrolyte Electrode Mercury (mm)
Test Serial 
Nos. Samples Neg. Potential Scan
D.M.E. Pool Increasing Decreasing
KC1(1.ON) Peak 1
1, 2 A A i+2 kk
3, 4 B B 57 55
5,6 A B k3 kl
7, 8 B A 57 5k
HN0,(0.1N) Peak 1' j 
9, 10 A A 1+0 39
11, 12 B B 57 . 1+9
13, 14 A B 5k 1+9
15, 16 B A 66 61+
HN0,(0.1N) Peak 2
17, 18 A A 0 0
19, 20 B B k5 38
21, 22 A B 23 25
23, 24 B A 0 0
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TABLE .11.
INFLUENCE OF ELECTRODE MERCURY OF PQLARQGRAPH10 PEAK-
POTENT IALS.
EXPERIMENTAL DATA.
Supporting Distribution of' 
Electrode Mercury
Peak Potentials
Electrolyte vs. Mercury Pool
Test Serial 
Nos. Samples
(volts)
Neg. Potential ScanD.M.E. Pool •.r.--------—i
Increasing Decreasing
KC1 (1.OK) Peak 1
V  2 A A - 0.97 - 0.96
3, k B B - 1.1 - 1.05
5» 6 A B - 1.03 - 0.98
7, 8 B A - 1.03 - 1.05
HN0,(0.1N) Peak 1.j , 
9, 10 A A - 0.41 - 0.45
11,12 B B - 0.35 - 0.33
13, 14 A B - 0.39 - 0.49
15, 16 B A - 0.46 - 0.49
HNO^(O.IN) Peak 2
17, 18 A A - -
19, 20 B B - 1.19 - 1 .20
21, 22 A B - 1.24 - 1.29
I 23, 24 B A - -
-154-
TABLE ia.
INFLUENCE OF ELBOTRODE-MEROURY QUALITY ON PQLARQGRAPHIG
PEAK-SYMMETRY.
EXPERIMENTAL DATA.
Supporting Distribution of Peak Leg-vVidths
iiii
Electrolyte Electrode Mercury at Half Peak-Height.
and .Test 
Serial Nos. Samples
(mm)
D.M.E. Pool Leg. Neg,Potential Scan
Increasing Decreasing
KClO.ON) Peak 1
i
1 , 2 A A + 7 6.5
3, k A A - 5.3 5
5, 6 B B + 7 6.5
7, 8 B B - 5 5
9, 10 A B + 7 7
11 , 12 A B - 5 5
13, 11+ B A + 7-25
(
7
15, 16 B A - 5.25 5
HN0,(0.1N) Peak 1 .
17, 18 A A + 7 9 ' 1
19, 20 A A _ 7.5
1
7.5
21, 22 B B + 6 7
23, 21+ B B - . 6.5 7 1
25, 26 A B + 7.5 8.5 |
27, 28 A B - 9 8 !
1 29, 30
i
B A + 8 7.5
! 31, 32 B A - | 10
s . . . . . _ _ . . . _  ..
7.5
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TABLE 15.*
INFLUENCE OP ELECTRODE MERCURY QUALITY ON PQLARQGRAPHIG PEAK-
POTENTIAL SPAN.
EXPERIMENTAL DATA.
Supporting • Distribution of
i
Peak-Potential Span
Electrolyte Electrode Mercury at Half Peak-Height.
and Test SamT
D.M.E.
Dies
Pool
Serial Nos.
Units Neg.Potent 
Increasing
ial Scan 
Decreasing
KCI.(1 .ON) Peak 1
1 , 2 A A mm 12.3 11.5
Volts 0.360 0.330
3, 4 B B mm 12.0 11.5
Volts 0.410 0.380
5, 6 A B mm 12.0 12.0
Volts 0.390 0.370
7, 8 B A mm 12.5 12.0
Volts 0.1+20 0.380
HN0,(0.1K) peak 1T*
9, 10 A A mm 14.5 16.5
Volts 0.27 0.30
11, 12 B B mm 15 16
Volts 0.27 0.29
13, 11+ A B mm 16.5 16.5
Volts 0.29 0.29
15, 16 B A mm 18 15
Volts 0.32 0.27
------ -
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TABLE 14.
EFFECT OF BLECTRODB-MEFCURY QUALITY ON PEAK-HBIGHTS.
MEANS AFP POTENTIAL-SCAN SHIFTS.
Supporting . Distribution Peak-Height Data
Electrolyte of Mercury
and Test Samples
Serial Nos. D.M.E. Pool Mean Height Shifts
Height
(mm) . (mm) ( f o )
KOI (1 .ON) Peak 1
1, 2 A A 43 + 2.0 + 4.8
3, 4 B B 56 - 2.0 - 3.5
5, 6 A B 45 + k • 0 + 9.3
7, S B A 55.5 - 3.0 - 5.6
HND,(0.1N) Peak 1
9, 10 A A 39.5 - 1.0 - 2.5
11, 12 B B 3 54 - 8.0 - 14.0
13, 'ik A B 51.5 - 5.0 - 9.2
15, 16 B A 65 - 2.0 -3.0
HHD,(0.1N) Peak 2
17, 18 A A 0 -
19, 20 B B 40.5 - 5.0 -11.6
21, 22 A Bt 24 + 2.0 + 8.7
23, 2i+ B I A 0 1 - -
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TABLE 15.
EFFECT OF ELECTBODE-MBRCDRY QUALITY OH PBAK-POTENTIALS. 
MEANS AND POTENTIAL-SCAN SHIFTS.
Supporting - Distribution Peak Potential
i
Bata I
Electrolyte of Mercury i
j |and Test Samples
Serial Nos. D • S • Pool Mean ! 
Potential
.—----- i
Potential I 
Shifts !
(Volts) (Volts) (*) |
i
KCJ (1. ON) Peak 1
f;
j
1, 2 A A - 0.965 + 0.01 + 1 .0
3, 4 B B - 1.075 + 0.05 + 4.5
5, 6 A B -  1.005 + 0.05 + 4*6
7, 8 B A -  1.040 -  0.02 - 1.9
HN0,(0.1N) Peak 1
9, 10 A A -  0.430 -  0.04 - 9.7
11,12 B B - 0.340 + 0.02 + 5.7
13, 1U A B -  0.440 -  0.10 - 2.6
15, 16 B A -  0.475 - 0.03 -  6.5
HN0,(0,1N) Peak 2
17, 18 A A - - -
19, 20 B ! B | -  1.195 -  0.01 -  0.84
21, 22 A I Bf ! ~ 1.265i -  0.05 -  4.0
23, 2h B I A
j
| I
!
I
—  ........-..-.... ..
-158-
TABLE 16_.
EFFECT OP ELECTRODE-!ERCURY QUALITY ON PEAK SYMMETRY. 
MEANS AND POTENTIAL SCAN SHIFTS,
Supporting -Distribution
! i
Peak Symmetry Data
Electrolyte of Mercury Degree of Assymetry 
( + Leg-¥idth)
Assymetry
Shiftsand Test SamplesSerial Nos. D.M.E. Pool T- Leg-Width)
Increusing Decreasing Mean a-b %
Negative Negative
Potential Potential
(a) (to
KCJ (1 .ON) Peal 1
1,2 A A 1 *32 1.30 1.31 -0.02 -1.5
3, b B B 1 .40 1 .30 1.33 -0.10 -7.1
5, 6 A 3 1 .40 1 .40 1.40 0 0
7, 8 B A 1.38 1 .40 1.39 4-0.02 +1.4
HN0,(0,1N) Peak 1
9, 10 A P 0.93 1.2 1.06
O
J•
o
.... 
+ +29
11, 12 B B 0.92 1.0 0.96 +0.18 +20
13, 14 A B 0.83 1.1 ;0.97 -F o + ro +33
15, 16 B A 0.80 1 .0 0.90 +0.20
. . .„
+25
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TABL317.
EFFECT OF BLECTROD3 MBBCURY QUALITY ON PEAK SPANS. 
MB AMS AND POTENTIAL SCAN SHIFTS.
Supporting - Distribution Potential-Span Data
Electrolyte of Mercury at Half-Peak Height.
and Test Samples I
i
Serial Nos. D.M.E.. Pool Mean Span Shift
Span
(Volts) (Volts) %
KOI (1 .ON) Pe ak 1
1,2 A , A 0.345 - 0.030 - 8.3
3, 4 B B 0.395 - 0,030 ~ 7.3
5, 6 A B 0.380 - 0.020 - 5.1
7, 8 B A 0.400 - O.Oij.O - 9.5
HN0,(0.1N) Peak 1
9, 10 A A 0.285 + 0.030 + 11.1
11, 12 B B 0.280 + 0.020 + 7. k
13, 14 A B 0.290 0 0
15, 16 B A 0.295 - 0.050
----1-----—- -----
- 15.6
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(ii) Analysis of Peak Characteristics.
The characteristics of the recorded polarograms have
been subjected to analysis,in order to determine the effect
on each characteristic of the presence of impurities in the
mercury used for the dropping-mercury and pool electrodes.
These analyses are presented in the following tables:
Tables 18-20; Analyses of Peak height Data for EDI and HN0_.
( o
Tables 21-22; Analyses of Mean Peak Height Data.
Tables 23-24s Analyses of Peak Potential Data,.
Table- 25 : Analyses of mean Peak Potential Data.
Tables 26-27; Analyses of Half-Peak Potential Scan Data.
 ^Table 28 s Analyses of Half-Peak mean Potential Span Data.
Tables 29-30; Analyses of Peak Symmetry Data,
Table 31 s Analyses of Mean Peak Symmetry Data.
Tables 32-55 g Analyses of shifts of Peak height, Peak potential.
Half-Peak Potential span, and Peak Symmetry 
characteristics with changes in scan-direction.
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Table. m
Effect of'Elect rode Mercury Quality s Peak L in KG1 (HO 
Analysis:. > Peak-Height Data.
Test Run. Distribution of Peak Height Data.
Group Mercury Samples •
-
D.M.E. Pool Peak Change in %
Height Peak Height Change
m m ( ^ m.)
Increasing Negative Potential Scan.
1 . a A A k2 ' + 15 + 35.7
b B B 57
2. a A - A U2
b B 57 + 15 + 35.7
3. a A B k3 + 1 b + 32.5b B .57
b. a A B b3 + 1b + 32.5
b B A 57
5. a <A A b2 + 1 + 2,38
b .B b3
6 . a B A ,57' 0 0b 57 ;
Decreasing Negative Potential Scan.
7. a A A kb + 11 + 25
b B B 55..
8. a A A ‘hhp 1* 1 0 + 22.7
b B \5b;
9. a A .• B 'b7
b B *55 + 8 + 17
10. a A B U7 + 7 + 1^.9
b B A 5b
11. a A A + 3 + 6.8
b B b7:
12. a -D A ’ 5b\ + 1 + 1 .85
b JO B 55,
TABLE 19.
Effect of Electrofoe Mercury Quality on Peak 1 in HEO.»^ (O.IN) 
JLI ' ~ Analysis: 'Peak~Height Data. '
Test Run Distribution #1•»
3S
Peak Height Data .
Group Mercury Sample
Changes in %
Change. .
D.M.E. Pool Peak
Height Peak Height
(ram) (mm)
Increasing Negative"1 Potential ScanJ
1 3. a A A 40
b B B 57 + 17 + 42.5
1 4• a A . * <40 + 26 + 65
b B Ji .66
15. a A B <54 + 3 + 5*6
b B 57
1 6. a A A i2+0 + 14 + 35
b B 5k
17. a B A 66 - 9 - 13.6
b B 57
18. a A B 54 ’ + 1 2 + 22.2
b B A 66
Decreasing Efegative P;stentia L Scan.
T5f— 7W _ 2 r _ “3 9 ~ ~ + 10 + 25.6
b B B 49
20. a A a 39 + 25 + 64b B 64
21 . a A B 49 0 0
b B 49
22. a A A .39 + 10 + 25.6
b B 49
23 a B A 64 - 15 -23.4
b B 49
21+.. a A B 49 + 15 + 23.4
b B A 64 i
Table 20.
Effect of Electrode Mercury Quality on Peak 2 in HMO^(QIN) 
An'alys is^oTT eak^HeTSE^' Pat a.
Test
Group
Pup Distribution of 
Mercury. Samples
Peak- Height Data.
•
Peak
Height
Change in 
Peak Height
%
Change.
D M E Pool
(m riu) (m m}
Increasing Negative Potential Scan.
25. a A A 0 + k3 New
b B B k3 Peak
26. a ■ A A 0 0 0b B 0
27. a . A B 23 + 20 86.8
b ; B k3.
28. a ; A A 0 + 23 New
b ; .B 23 Peak
29. - a : B 'A 0 + k3 . New
b • .B k3. Peak
30. a A B 23 - 23 - 1 00
b B A 0
Decreasing Negative Potential .Scan.
31 . a : A A 0 + 38 New
b ; B B 38 Peak
32. a . A A (0/ 0 0
b ! B (0,
33. a ; A B 25 + 13 + 52
b : B 38
3k. a : A A 0 + 25 .New
b B 25. . Peak
35 . S i B A 0 + 38 New
b .B 38 Peak
36. a A B 25 - 25 -100
b. B A 0
Table 21.
Effect of Electrode Mercury Quality on Peak 1 in KC) (IN) 
AnaXysis~,~oT“l^ean^Peak-Hei/ ’ ' — — ——
Test
Group
Run Distribution of 
Mercury Samples.
Mean Peak Height Data .
Mean Change in
. _
%
Change
D.M.E. Pool
Peak Mean Peak
Height Height.
(ram.) (m m. )
37* a A A 43 + 13 +30 • 2
b B B 36
38. a A A 43 + 12.5 +29.1
b B 553
39. a A B 45' + 11 + 24.5
b B 56
40. a A B 45
b B A 55.5,. +10.5 +23 9 4
41 . a A A 43 + 2 +4.64
b B 45
42. a B A 55.5 + 0.5 +0.90
b B 56
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TABLE
Effect of Mercury Quality - on Peaks 1 and 2 in
HN~ 3(o".1N)
Analysis of Mean Peak-Height Data,
. I
Test
Group
Hun Distribution of 
Mercury Samples
Mean Peak Height Data.
Mean Change in oZ/£>
Change.
D.M.E. Pool
Peak Mean Peak
Height Height
(m m) (mm)
Peak 1 .
43. a A A 39.5 + 14.5 + 36.7
b B B 54
44. a A A 39.5 + 25.5 + 64.6
b B 65
45. a A B 51 .5.- + 2.5 + 4.86
b B 5k.
46 a A A 39.5 + 12.0 + 30.4
b B 51 .5
47. a B A 65 - 11 1 6.9
b .B 5k
48 a A B 51 .5 + 13*5 + 26.2
b B A 65
Peak 2.
49. a A A 0 + 40.5 New
b B B 40.5. Peak
50. a A A 0. 0 0
b B 0 -
51. a A B 2k + 16.5 + 68.8
b B . .46.5
52. a A A c * 24 , New
b . B 2k. Peak
53. a B A 0 + 40.5 New
b ; b . 40.5 Peak
54* a A B 24 24 - 100
— b B A 0
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Table 23..
Effect of Blectrode-Mercury Quality on Peak 1 in KC1 (1 N.) 
Analysis of Peak-Potential Data.
Test Him Distribution of
...... !
Peak Potential Data !
Group Mercury Samples Peak
Potential
Change in io
ChangePotentialD »k *E« Pool
Volts■ Volts —  — _— —
Increasing negat ive PoterLtial Scan,
1*
i
Ql I A A -0. 97 -0.13 +13.4
b B B -1.1
2. a A A -0. 97 -0.06 +6.19
b B -1.03
3. a A B -1.03 -0.07 +6.8
b B -1.1
4. a A A -0. 97 -0.06 +6.19
b B -1.03
5. a B A -1.03 -0.07 +6.8
b B -1. 1
6. a A B -1. 03 0 0
b B A -1.03.
Decreas:ing negative Potential Scan.
7. a A A -0. 96 -0.09 +9.37
b B B -1.05
8, a A A -0. 96 -0.09 +9.37
b B -1.05
■ 9. a A B -0. 98 c*0.07 +7.15
b B -1.05
10. a A A -0. 96 -0.02 +2.08
b B -0. 98
11. a B A -1.05 0 0
b -1.05
12. a A B -0. 98 -0.07 +7.15
b B A -1. 05.
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TABLE 24...
Effect of Electrode Mercury Quality on Peaks 1 and 2 in 
  ------  ( "HKJ'3— (TUPT1)"'------------------ ----
Analysis of Peak - Potential Data.
Test
Group
Run Distribution of 
Mercury Samples
Peak Potential Data
!
Change in %
Change
D.M.E. Pool Peak
Potential-. Peak
Volts
Potential
Volts
Peak 1 IncreasirL£ negiitive Potentive Scan.
13. a A A -0.2+1 + 0.06 - 12+.62+
b B B -0.35
12+* a A A ‘ -0.2+1 - 0.05 + 12.2
b B -0 .2+6
15. a A B •- 0.39 + 0.02+ -•10.25
b B • 0.35
16. a A A - 0.2+1 + 0.02 - U.87
b B - 0.39
17. a) B A - 0.2+6 + 0.11 - 23.9
*) B - 0.35
18. a A B - 0.39 - 0.07 + 18.0
b B A - 0.2+6
Peak 2*
19* / a A B - 1 .22+ + 0.05 - 2+.03
( b B - i.1’9
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Table 24 (Continued) 
Decreasing Negative Potential Scan,
Peak 1 : '
r.. - -.. . —
20. a A A - 0.45 + 0.1 2 - 26.7
b B B - 0.33
21 * a A A -0.45 - 0.04 + 8.89
b B Jn. - 0.49
22. a A B - 0.49 + 0.1 6 - 32.6
b B - 0.33
23. a A A - 0.45 - 0.04 + 8.89
b B - 0.49
24. a B A - 0.49 + 0.16 - 32.6
b B - 0.33
23. a A B - 0.49 0 0
b B A - 0.49
Peak 2
26. a A B - 1 .29 + 0.09 - 6.97
b B - 1 .20
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Table 25.
Effect of Electrode Mercury Quality.
Analysis of Mean Peak —  Potential Data*
Test
Group
27.
28. 
29# 
30. 
31 . 
32.
Run Distribution oj
Mercury Samples
D.M.E.
a
b
a
b
a
b
a
b
a
b
a
b
A
B
B
A
B
B
A
B
POOL
A - 0.965
B ~ 1.075
A - 0.965
- 1 .04
- 1.005JD
- 1.075.
A - 0 *965,
B -1.005
B
B
A
Mean
Peak Potential Data
MEAN 
Peak 
Pot en 
-tial 
(Volts
Change in 
Mean Peak
Potential
1 .04 
1 .075
1 .005 
1 .0 4
-  0.110 
-0,039
- 0.070
- 0.040
- 0.035
- o.035
of*0
Change
11 .4
4.04
6.96
4.15
3.36
3.48
33.
34.
35.
36.
37.
38.
HR})^(0.IN) Peak.1 .
a A A - 0.1+3
b B B - 0.31+
a A - 0.1+3.
b B Jtk “ 0.1+75.
a A B 0.1+1+.
b B 0.34
a A A - 01+3
b B 0I+1+.
a B A - 0.1+75
b B - 0.31+
a A 'b - 1 .265,
b B - 1 .1 95
+ 0.09
- 0.045 
+ 0.10
- 0.01 
+ 0.135
- 0.070
+ 20.9 
1 0.3 
+ 22.7 
- 2.32 
+ 28 • 4 
+ 5.54
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Table 26.
Effect of Electrode - Mercury Quality on PeakLin KOI (IN)
Analysis of Half-Peak Potential- Span Data.
Test
Group
Run Distribution
3S
‘ -1'1 ' ‘ ....' ' ...... . I.
Potential - Span Data.
of
Mercury Sample (At Saif -Peak .Height)""Jl 1 ■
D.M.E. Pool
Span
(Volts)
Change in 
Potential 
Span 
(Volts)
%
Change
Increasing Negative Potential- ScJan •
+0.050 
+0.060 
+0.020 
+0.030 
-0.01 0 
+0.030
+ 13.9 
+ 16.7 
+ 5.12 
+ 8i32 
- 2.38 
+. 7.7
1 . 
2*
3.
4.
5.
6.
a
b
a
b
a
b
a
b
a
b
a
b
►
' A 
B
A
B
A
B
A
B
B
A
’
0.360
0.410
0.360
0.420
0.390
0.410
0.360
0.390
0.420 
0.41 o
0.390
0.420
~, Decreasing Negative Potential Scan.
7. a A A 0.33 +0.050 + 1 5.1
b B B 0. 38.
8. a A A 0.330 +0.050 + 15.1
b B 0.380
9. a A B 0.370 +0.010 + 3.3
b B 0.380
10* a A A 0.330 + 0.04 + 12.1
b .B 0.370
11 . a B A 0.380 0 0
b B 0.380
12. a A B 0.370 + o.ot + 2,7
b B A 0.380
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TABLE 27.
Effect of Electrode - Mercury Quality on Peak 1 in HND^O.l.N)
Analysis of Half - Peak Potent3al.-Span Data.
Test Run Distribution of Potential Span Data
G-roup Mercury . Sampless! (At Half-Peah Height)
D.M.E. Pool Potential Change in %
Span
(Volts)
Pot entity 
Span 
W E Its)
Change
Increasing Negative Potential S can
13. | ia i 
b
A
B
A
B
0/27
0.27
0 0
'Ik* a
b
A
B
A 0.27
0.32
+ 0.03 + 18.5
15. a
b
A
B
B 0.29
0.02
- 0.02 - 6.9
16. a
Id
A 'A
B
0.27
0.29
+ 0.02 ... 7*k
17. a
Id
B A
B
0.32.
0.27.
- 0.05 - 15.6
18. a
b
A
B
B
A
0.29'
0.32,
+ o. 03 +•" 10.U
Decreasing Negative PcrtentisL Scan.
19. a
b
A
B
A
B
0.30
0.29
- 0.01 — 3".3U
20. a
b
A
B A
0.30
0.27
- 0.03 - 10.0
21 . a
b
A
B
B 0.29
0.29
0 0
22. a
b
A A
B
0.30
0.29
- 0.01 - 3.2U
23. a
b
B A
’B
0.27
0.29.
+ 0*02 7.in
2lu a
b
A
B
B
A
0.29
0.27
- 0.02 - 6.90
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'Table 28
Effect of Electrode- Mercury Quality.
A n a l y s i s  o f  M e a n  P o t e n t i a l  S p a n  D a t a
T e s t P u n D i s t r i b u t i o n o f P o t e n t i a l - S p a n  D a t a .
G r o u p M e r c u r y  S a m p l e s ( A t  H a l f - P e a k  H e i g h t )/
D . M . E . P o o l
M e a n
P o t e n t i a l C h a n g e  i n %
S p a n
( V o l t s )
P o t  e n t i a l -
S ’p a h  ----
( V o l t s )
C h a n g e .
KOI (IN) P e a k  1 .
25.
S
A
B
A
B
Q*3k5
0.395
+0.050 +14*5
26. a
b
A
B A"
0.345
0.400
+0.055 +15*9
27. a
b
A
B
B 0.380
0.395
+0.015 +3.95
28. a
b
A A
B
0.345
0.380
+0.035 +1 0.13
29. a
b
B A
B
0.400
0.395
-o.oo5 -1 .25
30.* b
b
A
B
B
A
0.380
0.400
+0.020 +5 • 26
m o x  ( 0.I N )  P e a k  1 .
3i. i a
b
A
B
A
B
0.285
0.280
-0.005 -1 . 7 6
32. a
b .
A
B
A 0.285
0.295
+0.010 +3.51
33. a  
' b
A
B
B 0.290
0.280
-a.8i a -3.45
34. a
b
A A
B
0.285
0.290
+0.005 -1 .76
35* ; a  
• b
B A
B
0.295
0.280
-0.015 -5.08
36. a
b
A
B
B
A
0.290
0.295
+0.005 +1 .72
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Table2P.
E f f e c t  o f  E l e c t r o d e  -  M e r c u r y  Q u a l i t y  o n  P e a k  1 i n  K O I  ( I N )  
A n a l y s i s  o f  P e a k  S y m m e t r y  D a t a .
T e s t
G r o u p
R u n D i s t r i b u t i o n  o f  
M e r c u r y  S a m p l e s
P e a k -  S y m m e t r y  D a t a .  
( A t  H a l f - P e a k  H e i g h t ) »
D  • iVi. E . P o o l D e g r e e  o f  
A s s y n e t r y
C h a n g e  i n  
D e g r e e  o f  
A s s y m e t r y
%
C h a n g e
ii. . i
I n c r e a s i n g  N e g a t i v e  P o t e n t i a l  S c a n .
iI
1 . A A A 1 .32 +0.08
I
+6.06
b B B 1 .1*0
2. a A A
1 'iS +0.06 +4.53b B 1 .38
3. a A B 1 .1*0 0 0
b B 1.40
4. a A A 1 .32 +0.08 +6.06
b B 1 .40
5. a B A 1 .38
b B 1 .40 *0.02 +1.45
6. a A B 1 .38 +0.02 +1 .45
b B A 1 .4
D e c r e a s i n g  N e g a t i v e  P o t e n t i a l ;  S c a n .
7. a A A 1 .3 0 0
b B B 1 .3
.8, a A A 1 .3
b B 1 .4 + 0.1 +7.7
9. a A B 1 .4 -0.1 -7.7
b B 1 .3
10. a A A 1 .3 +0.1 -7.7b  . B 1.4
11 . a B A 1 .4 -0.1 -7.7
b B 1 .3
12. a ' A B 1 .4 0 0
-_ _ _ b B A 1 .4 - - - - - - - - -
Table 30
Effect of Electrode-Mercury oil Peak 1 in HNO3 (0> IN)
Test Run Distribution !P eak-S yranet ry D at a.
D.M.E. ..Pool Degree of S yuirnet ry
Change 
Degree of
% 1 
Change
Assymetry
Increasing Negative Iotenti'al Scan ;
13. a . A A 0.93 -0.01 -1 .08 |
b B B 0.92 i
1i+. a A A 0.93 -0.13 -1I+.0
b B 0.80.
13. a A B 0.83 +0.09 +1 0.8
b B 0.92
16. a A A 0.93 -0.10 -10.8
b B 0.83
17. a B A 0.80 +0-.1 2 +1 5-0
b B 0.921
18* a A B 0.83 -0.03 -3.62
b B ...A ... 0.80
Decreasing Negative Potentialu Scan
19. a
!
A A 1 .2 1 0 * ro -1 6.7
b B B 1 .0
20. a A . A 1,2 - 0.2 -16.7
b B 1.0
21 a A B 1 .1 -0.1 -9.08
b B 1.0
22. a A A 1 .2 -0.1 -8.33
b B 1 .1
23. a B A 1.0
b .B 1.0 0 0
24. a A B 1.1 -0.1 -9.08
b B A 1 .0
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Table 51.
Effect of Electrode-Mercury Quality.
Analysis of Mean Peak-Symmetry Data
Test Run Distribution of Mean Symmetry Data
' Mercury Samples (At Iialf-Peak-Height)
D.M.E. Pool Me?an Change in
Degree of
Asymrne try Degree of Change.
Asymmetry
KQL ( AN )Peak 1. !
25. a A A 1 .31 + 0.04 +3.05
b B B 1 .35
26. a A k 1 .31 +0.08 +6.11
b B 1 .39
27. a A B 1 .40 -0.05 -3.57
b B 1 .35
28. a A A 1 .31 +0.09 -6.87
b B 1 .40
29. ' a B A 1 .39 -0.04 -2.88
b B 1 .35
30. a A B 1 .40 -0.01 -0.845
b B A 1 .39
h e  a * [O.INj Peak 1 •
31 . a A A 1 .06 -Q.10 -9.45
b B B 0.96
32 a A . A ( 1 .06 -0.1 6 -15.1
b B ( 0.90
33. a A B  ( o.s'7 -0.01 -1 .03
b B ( 0.96
34. a A A 1 .06 -0.09 - 85
b B 0.97
35. a B A 0.90 + 0 . 0 6 +6*66
b B 0.96
36. A B 0.9$ - 0 . 0 ? -7.21
■b) B A 0.90
TABLE) 52. -EFFECT OB ELECTRODB-M.EBCURY QUALITY, -176-
ANALYSIS OF PEAK-HEIGHT SHIFTS,
Test Run Distribution of Peak-Height Shifts
Group Mercury Samples with change in scan-
direction 
(- to +)
D • M • E « Pool Direction Direction and
and Magnitude of
Magnitude
{%)
Mercury- 
Quality Shift
(%)
KC1(1N' Peak 1
1 a ' 
Id
A
B
A
B
+  4 . 7 6  
- 3 . 5 1 - 8 . 2 7
2 a
b
A
B A
+ 4 . 7 6  
- 5 . 5 6 -  1 0 . 3
3 a
Td
A
B B
+ 9 . 3 0  
- 3 - 5 1
-  1 2 . 8 1
4 a
Td
A
B
B
A
+ 9 . 3 0  
- 5 . 5 6 -  1 4 . 8
5 a
Td A
( A 
( B
+ 4 . 7 6  
+ 9 . 3 0 + 4 . - 5 4
6 a
Td B ( A  ( B
- 5 . 5 6
- 3 . 5 1 +  1 . 0 5
HNO,(0.1N) Peak 1
j
1 a
Td
/
A
B
A
B
-  2 . 5
-  1 4 . 0
-  1 1 . 5
8 a A
B A
-  2 . 5
-  3 . 0 3
-  0 . 5 3
9 a
Td
A
B B
-  9 . 2 5
-  1 4 . 0 - 4 . 7 5
10 a
Td A
A
B
- 2 , 5
- 9 . 2 5 - 6 . 7 5
11 a
Td B
A
B
- 3 . 0 3
- 1 4 . 0 - 1 0 . 9 7
12 a
Td
A
B
B
A
- 9 . 2 5
-  5 . 0 5
+ 6.22
Peak
1 3
2 .
a
Td
A
B B
+  8 . 7
.- JJU,6. — -  2 0 . 3. ... -.
TABLE33 . EFFEOT OF ELSCTPODB-MSRCURY QUALITY.
ANALYSIS OF PEAK-POTENTIAL SHIFTS.
-177—
Distribution of Peak-Potential ShiftsPunTest
Mercury Samples with change in scan-Group
direction
Direction Direction andPropping
Mercury
Electrode
Pool
Reference Magnitude of 
Mercury- 
Quality Shift
aiectrode
2.98
+ U.85 
+ U.55 0.30
3.81
+ U.55
6.79
HN07(0.1N) Peak 1
- 9.75 
+ 5.71
- 9.75 
~  6.52
+ 8.28
- 9.75
- 2.57
-  6.52
- 2.57
-  6.52 - 3.95
eak 2
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TABLE 34. EFFECT OP ELECTRODE-MERCURY QUALITY.
ANALYSIS OF IPEAK POTBNTIAL-SPAK SHIFTS.
■irPeak PotentIal-Span Shifts
with change in span 
direction
Distribution^ of 
Mercury Samples
RunTest
Group
Dropping
Mercury
Electrode
Pool Direction Direction and
Reference and
Magnitude
Magnitude of 
Mercury- 
Q,uality: Shift
2 • 20
7.33
+ 3.21
- 3.389.51
HN0,(0.1N) Peak 1
- 26.7
+ 7.41
+ 23.01
15.6
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TABLE 35. EFFECT OF ELECTRODE-MERCURY QUALITY.
ANALYSIS OF PEAK SYMMETRY SHIFTS.
Test Run Distribution of Peak-Symmetry Shifts 
with change in scan- 
direction
Group Mercury Samples
PoolDropping
Mercury
Electrode
Direction Direct ioh and
Reference and
Magnitude
M agnitude of 
Mercury- 
Quality Shift
Electrode
KG? ( IIP Peak 1
+ 2.96
-  8.60
HN0,(0.1N) Peak 1
+ 29.1
+ 29.1 
+ 25.0
+ 32.6
+ 25.0
+ 32.6 
+ 25.0
(G) General Observations:
The magnitudes of both peak heights and peak potentials showed 
significant variations which were consistent with changes in the 
quality of the mercury used in the polarographic electrodes.
Changes observed in the Half-Peak Potential Span were less 
significant,and the slight modifications to the symmetry of the 
peaks were considered to be inconclusive.
(i) Peak Heights; jMbles.10,14,18,19,20,21,22,32.
(a) In EDI (l.N.),peak heights increased by up to 30fo when impure, 
mercury was used instead of pure mercury in the D.M.E. and/py ' V 
the Pool Electrode. The effect of impurities was greater when 
in the D.M.E. than when in the Pool Mercury.
(b) In W O r, (0.1 N.),peak heights increased by up to 65% when using 
impure mercury in the D.M.E. The effects of changes in the Pogl 
mercury were not so pronounced as with EDI.
(ii)Peak Potentials: Tables. 11.15,-23,24,25.33.
In KDl(l.Q N.),peak potentials moved in a more negative diyectior 
when impure mercury was used in place of pure mercury in the D.M.E,. 
and/or the Pool Electroder-the potential shifts being of similar 
magnitude for each change of mercury quality in the two electrodesc 
(b) In HN0^(p.l N.),the results were not considered to be conclusiveo 
fai)Half-Peak Potential Spans; Tables .13,17,25,27,28,34,
KS1 ( 1.0 N.) , the Potential spans were increased by up to 
15% with impure, mercury in either or both of the electrodes.
^ geak Symmetry;Tables.12,16,29,30,51,55.
The Peak Symmetry data was inconclusive in both media.
 ^^ £2ifntial-Scan DirectionsThese results were also inconclusive.
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Discussion. -
Since these studies were to be concerned with the
polar©graphic oxidation and reduction of antimony ions,
it was clearly desirable to consider the possible
influence on these studies of traces of antimony which
may be present in the mercury intended for use in the
polarographic electrodes*
These considerations revealed a number of possible
mechanisms by which the presence of antimony in the
mercury pool reference electrode, or in the dropping
electrode, might contribute to errors in the
interpretation of the results of these studies.
Mechanism 1.
The electrode reaction for the reduction of complex 
antimony ions may be considered to have the general form 
Z~s°xP_ / n ' - pa) + +ne + Hg gb(Hg) + pX~a 
where Sb(Hg) represents the amalgam formed on the 
surface of the mercury drops, and X~a represents the 
complexing agent. This reaction may be conveniently 
regarded as the sum of two partial reactions:- 
/ “ SbXpJ7^n ~ Pa) + -^=r^si3n+ + px~a 
and Sbn+ + ne + Hg Sb(Hg) 
where Sbn+ symbolises the t!simple1 or hydrated antimony 
ion.
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If the foregoing reactions were assumed to be 
rapid and reversible at the dropping mercury electrode, 
then the potential of the dropping mercury electrode at 
any point on the polarographic wave should be given by 
the relationship £39):-
t, t^ o RT C°.f /E-, « E — In a a (6)de a —rr — ---- v 'nF
a-T 0°i l g  s  S;
where C? is the concentration of antimony in the amalgam 
formed on the surface of the mercury drops.
Cg is the concentration of the simple antimony ions 
in the layer of solution at the surface of the 
mercury drops, 
f is the activity coefficient of the antimony in.
the amalgam formed on the surface of the mercury 
drops.
f_ is. the activity coefficient of the antimony ions 
in the layer of solution at the surface of the 
mercury drops, 
a ^  is the activity of' the mercury on the surface 
of the dropping electrode.
From Equation 6,the potentials of all points on the 
polarographic wave will be dependent on the activity 
coefficient of antimony in the amalgams.
- 1 8 3 -
B a r k e r  ( 4 0 )  r e c o m m e n d e d  a  m a x i m u m  i m p u r i t y  c o n t e n t
— 9m  p o l a r o g r a p h i c  e l e c t r o d e  m e r c u r y  o f  5  x  1 0  M *
H o w e v e r ,  i n  t h e  d e v e l o p m e n t  o f  p o l a r o g r a p h i c  t h e o r y ,
i t  h a s  b e e n  a s s u m e d  t h a t ,  i f  t h e  i m p u r i t y  c o n c e n t r a t i o n s
w e r e ,  b e l o w  0 . 0 1 M . ,  t h e n  t h e  a m a l g a m s  f o r m e d  a t  t h e
d r o p p i n g  m e r c u r y  e l e c t r o d e  w o u l d  b e  s u f f i c i e n t l y
d i l u t e  f o r  i d e a l  b e h a v i o u r  t o  b e  a s s u m e d .
C o n s e q u e n t l y  f a  h a s  b e e n  a s s u m e d  t o  b e  p r a c t i c a l l y
e q u a l  t o  u n i t y .
I n  a p p l i c a t i o n s  o f  e q u a t i o n  ( 6  ) f a  i s  n o r m a l l y
g i v e n  t h e  v a l u e  o f  u n i t y ,  b u t  i f  i d e a l  b e h a v i o u r  c a n
o n l y  b e  l e g i t i m a t e l y  a s s u m e d  a t  c o n c e n t r a t i o n s  o f  t h e
-9
o r d e r  o f  5  x  1 0  t h e n  i t  m a y  b e  e r r o n e o u s  t o  a s s u m e
t h a t  %  m a y  h a v e  a v a l u e  o f  u n i t y  i n  a m a l g a m s  o f
-2 -9 
s t r e n g t h s  b e t w e e n  1 0  a n d  1 0  M .
I n  p r a c t i c e ,  i f  f a  i s  c ? c t u a l l y  l e s s  t h a n  u n i t y ,
t h e  r e c o r d e d  p o t e n t i a l s  w i l l  b e  m o r e  p o s i t i v e  t h a n  t h e
t h e o r e t i c a l  v a l u e s  c a l c u l a t e d  f r o m  e q u a t i o n
M EC H £?! ISM - 2 :
I t  h a s  b e e n  a s s u m e d  ( 3 9  ) t h a t  s i n c e  t h e  a m a l g a m s  
f o r m e d  a t  t h e  d r o p p i n g  m e r c u r y  e l e c t r o d e  a r e  “ v e r y  
d i l u t e " ,  t h e  a c t i v i t y  o f  t h e  a m a l g a m  w i l l  b e  v i r t u a l l y  
t h e  s a m e  a s  t h e  a c t i v i t y  o f  p u r e  m e r c u r y ,  a n d  
c o n s e q u e n t l y  t h a t  t h e  t e r m  i n  e q u a t i o n (  6  ) c a n  
t h e r e f o r e  b e  r e g a r d e d  a s  a c o n s t a n t .
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If the activities of mercury and amalgam are not 
identical however, a ^  may not be a constant, and the 
actual polarographic wave will accordingly be distorted* 
Consequently the polarograms will not conform to 
Equation 6.*
The magnitudes of half-wave potentials have been 
reported to be given by the following relationship{*39): -
Et ' = Ea " If ln* (?)a ILB Hg, a s'
However, the derivation of this relationship is 
based, on the assumptions that the diffusion current,
”i^ ’, is proportional to the concentration of antimony 
ions in the bulk of the solution and in the surface 
layers-
I.e. i = V  - Cs}
where = 6O7. n. D1//2. m2^ 3 t1'6 at 25°C (39) v 
and also to the ’’concentration of the amalgam formed, at 
any point on the wave11-
. I.e. 1 = ka .C°
where k„ is assumed, to depend, in the same manner as a
kQ, on the properties of the capillary, the rate of 
flow of mercury and the diffusion, coefficient of the 
metal atoms in the amalgam*
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It is felt however, that the second assumption; 
i.e# the diffusion current is proportional to the 
nconcentration of the amalgam formed at any point on the 
wave”, may “be untenable, by the following separate 
mechanisms 
MECHANISM 3
It is accepted that the rate of formation of amalgam 
at any point on the wave may be directly proportional 
to the current*
At any particular moment of time however, the 
actual instantaneous concentration of antimony on the 
surface of the drop can only be directly proportional 
to the current if the antimony, which has been previously 
deposited on the surface of the drops, has been removed 
by diffusion from the surface immediately after deposition# 
Although diffusion of antimony towards the centre 
of the drop may slightly reduce the rate of build-up of 
the surface concentration, it is unlikely, and in fact 
may be impossible for instantaneous and complete removal 
to occur, since it would be necessary to build up init- 
ally a concentration gradient within the drop, extending 
from the surface towards the centre*
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The diffusion coefficient of antimony in mercury 
was not detected in the literature, hut considerable 
data was available on the diffusion coefficients 
of other metals, both as atoms ininercary and as 
ions in aqueous solution.(Table 36).
It is of interest that the ratios of the 
diffusion coefficients for atoms in mercury and 
ions in aqueous solution were within the short 
range o f . 0.249 - 3.50. . •
The diffusion coefficients were within the even 
closer range of 0.52 - 2.50 at normal temperatures, 
from which it may be concluded that the diffusion 
coefficients of metals in mercury and of metal ions 
in aqueous media are of a similar order.
It may therefore be assumed with some degree of 
rationality that the diffusion coefficient of antimony 
atoms in mercury would not be dissimilar from the 
value of the diffusion coefficient of antimony ions 
in aqueous media.
Consequently it would appear that the concentration 
of the amalgam on the surface of the drop may increase, 
not only when the diffusion current is increasing, but 
also when the current attains the value of the limiting 
diffusion current, and,possibly,even when the current 
is falling in magnitude.
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TAELE 36 DIFFUSION BATA,FOR METAL ATOMS
In  MEECiMri'Mij Me MI'IOES In--------
AQUEOUS KEEH~iiT 2^6. ‘
METAL METAL ATOMS IN MERCURY IONS IN DIFFUSION
AQUEOUS COEFFICIENT
TEMP DIFFUSION
COEFFICIENT
DIFFUSION
COEFFICIENT
MEDIA
.Dj (39
(cm^/seCoXlO?
RATlb 
> d£Dn (41>
(cm /day)
D°m
(ccf/s ec.x 1C?)
Gold ii 0.72 0.83
Cadmium 8.7 1.45 1.66 0.72 2.32
15 1.56 1.79 0.72 2.48
99.1 2.96 3.42 — -
Zinc 11.5 2.18 •2.50 0.72 3.49
15 2 . 09 2.40 0.72 3.33
99.2 2.90 3.33 — -
Lead 9.4 1.50 1.72 0.98 1.76
15.6 1.37 1.57 0.98 1.61
99.2 1.92 2.20 — -
Tin 10.7 1.53 1.75 - -
Thallium 11.5 0.87 1.00 2.0 0,49
Barium 7.8 0.52 0.60 — -
Strontium 9.4 0.47 0.54 — -
Calcium 10.2 0.54 0.62 - -
Caesium 7.3 0.45 0.52 2.11 0.246 ;
Rubidium 7.3 0.46 0.53 - -
Potassium 10.5 0.53 . 0.61 1.98 0.308
Sodium 9.6 0.64 0.73 1.35 0.544
Lithium 8.2 0.66 0.76 1.04 0.729
Copper — — — 0.72 -
Nickel mm 0.69
Minimum at 
Normal tempera­
tures
Maximum at 
Normal tempera­
tures
0.45
2.18
0.52
2,50
0.69
2.11
0.249
3.50
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However, the effect of the increasing surface area 
of the drop may tend to obscure the effects of the 
concentration build-up on the surface of the drop, 
although this aspect does not appear to have been con­
sidered during the development of polarographic theoretical 
relationships, nor has it been the subject of previous : 
investigations,
MECHANISM 4
If the mercury supplied to the drop already contains 
antimony, then the surface layer of the drop will consist 
of a dilute antimony amalgam even though no current may 
have passed.
It may even be possible for antimony, and other 
metallic impurities, to pass from the amalgam back into 
the solution as ions, thereby giving rise to reverse 
currents.
Equation7therefore, cannot be valid unless the 
mercury is initially completely free from antimony.
(H) OOHOLPSIOH
It was concluded therefore that, in applying the 
available theoretical polarographic relationships to 
the results of the present studies, errors could arise 
through at least four possible mechanisms.
It was evident that the magnitude of these errors 
might be materially reduced by ensuring that the mercury in the 
electrodes was of the highest possible degree of purity.
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In contrast with other metals which can be analysed 
only by chemical methods, the purity of mercury can often be 
estimated merely by visual inspection and with an accuracy 
of one or two parts per ten million.(39)
‘The presence of base metals is readily revealed by their 
tendency to oxidise rapidly on reaching the surface of the 
mercury, forming insoluble oxide "skins" which can be easily 
identified by their characteristic grey colour and matt or 
wrinkled surface.
Since dissolved noble metals do not form oxide skins, 
their detection and identification requires the application 
of physico-chemical, or purely chemical, tests.
Wichers (40^ reported that, although the normal bright, 
perfectly-reflecting surface of pure mercury is unchanged by 
the presence of 0.1% of silver and gold, the surface is 
rapidly tarnished by base metals present at concentrations 
below 0.2 p.p.m.
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It has also been reported (41) that the surface is 
completely covered by a grey film when the mercury contains 
2 p.p.m. of cadmium, gallium, sodium or lithium.
Gordon and Wichers (42) reported visible film formation 
when copper was present at a concentration of 0.09 p.p.m.
It has been observed (41) that a grey film, which under
a microscope appeared to consist of stationary patches or
clumps of matter, is produced by lead, indium, tin or zinc
at concentrations of 0.1 p.p.m.
. Physical Tests 
A number of physical tests have been developed
for determining the purity of mercury.
(1) Physical Contraction Test.
Milner (43) considered that a sufficient guarantee of 
the purity of a sample of mercury was obtained if, after 
passing it through a pinhole in a filter paper, the paper 
was left unmarked and the residual bead of mercury was as 
bright and shining as the mercury which had passed through.
(2) Partial Physico-Chemical Contraction Test
The American Chemical Society Test (44) consists of 
partially evaporating 10-20 g. of mercury on a hot plate, 
without boiling. If during this operation the mercury 
retains its bright surface and does not develop any film
or scum, then the impurity concentrations are below 
0.2 p.p.m.
(3) Full Physico-Chemical Contraction
It has been reported (41) that metals, which are more 
noble than mercury, can be detected at concentrations fs 
low as 0.1 or 0.2 p.p.m., by visual inspection of the surface 
brightness of the residue which remains after evaporating a 
relatively large sample of mercury.
It was considered that this test offered a simple 
and sensitive method for noble metal detection which 
was comparable with the Partial Contraction Test for base metals, j
iii Ring Test
Lawrence (39) reported that on decanting mercury from j
a glass vessel, in which it had been standing undisturbed 
for a short period of time, a dark ring remained on the 
glass at the level of the surface of the mercury if the 
copper content was above 1 p.p.m.
1PL "Tailing" lest
Wichers (40-)- found that, on swirling a globule of 
mercury round the perimeter of a porcelain dish, a "tail" 
grey oxide film, or contaminated mercury, remained if 
copper was present at concentrations greater than 1 p.p.m., 
or if other base metals 'were present at concentrations 
exceeding 0.2 p.p.m.
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(6) Distilled Water Test
Muller (45) reported that when mercury, which was 
"free" from base metals, was shaken with distilled water in 
a clean glass apparatus, it formed a fairly stable foam 
which persisted for at least five seconds and sometimes as 
long as fifteen seconds.
"Slight" contamination caused the foam to collapse after 
one or'two seconds, and "heavily" contaminated mercury was 
incapable of producing a foam.
(7) Nitric Acid Test
It has been reported (41) that mercury containing base 
metals at concentrations less than 10 p.p.m., produced an 
immediate foam when shaken with 10% Nitric Acid.
In addition to these purely physical tests, a number 
of physico-chemical tests had been reported in the literature!'
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A. EVAPORATION TESTS
(1) United States Pharmacopeia Test ( 4fi )
5g. of mercury, together with 5c.c. nitric acid and 
3c.c. water are evaporated on a water-bath.
The residue, after ignition and weighing, must be less 
than 0.01% of the mercury weight.
(2) American Dental Association Test ( 47 )
10 - 15g. of mercury are evaporated in air.
The residue, after ignition and weighing, must be less 
than 0.02% of the mercury weight.
(3) Anon. ( 48 )
A representative sample weighing 2000g. is evaporated 
completely in a vacuum of 100 micrograms at 450°F.
It is claimed that, from the weight of the residue, the 
presence of impurities in the mercury at concentrations less 
than lp.p.m., can be detected*
B. SPECTROGRAPHIC TEST ( 48 )
A 3g. sample of mercury is dissolved in nitric acid, 
and evaporated to dryness.
The residue is then thoroughly mixed with graphite 
and the emission spectrum recorded. By measuring the 3281.& 
line for silver with a photo-electric densitometer, the 
silver concentration may be readily ascertained from a 
previously determined calibration chart. The sensitivity limit 
for silver and copper was reported to be 0.3 p.p.m.
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COMPARISON Off MERCURY PURITY TEST S
(k), SPECTROGRAPHIC TEST
(1) ADVANTAGES
(a) The spectrographic method has an important 
advantage over the radioactive tracer technique, in 
that it is applicable to the determination of all the 
metallic constituents of impure mercury, without the 
previous addition of tracers.
(b) A further advantage over many other purity tests 
is its applicability to the detection and determina­
tion of noble metals.
(ii) DISADVANTAGES
The reported limit of detection for copper 
(0i3 p.p.m.) is well above the detection limit of the 
Surface-Appearance Tests for base metals.
Apart from traces of noble metals in the mercury 
supplied for use in these studies, the impurities for 
which detection methods are required consist principally 
of antimony, and base metals derived from the reduction
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of unavoidable impurities in the supporting electrolytes.
The detection of these metals, and the measurement 
of their concentrations, are performed more accurately, 
more rapidly, and with greater simplicity by the 
Surface-Appearance Tests.
(B), RING TEST
Although this test is possibly specific for copper, 
the low sensitivity of 1 p.p.m. renders this method inferior 
to the Surface-Appearance Tests.
(C). NON-SPECIFIC TESTS
a. POLAROGRAPHIC
Since the paper by Israel on this test does not contain 
any quantitative data, the sensitivity of this technique 
is unknown. Furthermore, corroborating evidence is clearly 
required to justify the attribution of the observed 
phenomena to impurities in mercury.
b. FOAM TESTS
The sensitivity of 10 p.p.m. reported for the nitric 
acid version of this test renders this method inferior to 
the Surface-Appearance Tests.
c. EVAPORATION-RESIDUE WEIGHT TESTS
The most efficient form of this test, involving 
evaporation of 2 Kg. of mercury, possesses a sensitivity of
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only 1 p.p.m. which is inferior to the Appearance-Test 
sensitivity.
d. "TAILING" TEST
This test reveals the presence of base metals at 
concentrations exceeding 0.2 p.p.m. However, the Surface- 
Appearance tests can detect these metals at concentrations 
below 0.2 p.p.m., and are as simple to perform.
e. NORMAh-SUREACE APPEARANCE TEST
This test is undoubtedly the most rapid test available, 
and shows a high sensitivity for base metals, down to 
0.1 p.p.m.
f. CONTRACTED-SUREACE APPEARANCE TESTS
(i) Physical contraction
The physical contraction process proposed by Milner 
(43) is by its nature a form of impurity concentration 
process. The thickness of the surface base-metal oxide 
film is substantially increased since the major portion 
of the film is confined to a smaller area at the base 
of the funnel.
Furthermore any traces of floating base-metal oxide 
film which adhere to the filter paper are more readily 
detected on the white surface than on the mercury surface.
Although Milner does not give any quantitative data 
for the sensitivity of his method, it may be reasonably
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concluded that the method is more sensitive for base- 
metal detection than the normal-surface appearance test. 
In addition, the contracted-surface appearance test is 
almost as rapid as the normal test.
(ii) Partial physico-chemical contraction test
This A.C.S. Test for base-metal content suffers 
from the defect that some loss of base-metal impurities 
may occur during evaporation.
Its nominal sensitivity of 0.2 p.p.m. must therefore 
be treated with caution.
(iii) Pull physico-chemical contraction test
It has been reported (41) that noble metals could 
be detected by this test down to the same limits as 
base-metals by the normal-surface appearance tests.
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FORMULATION OF A SUITABLE TEST PROCEDURE
(i) Base-metals
Apart from the radioactive tracer technique, the
nearest approach of any test to the sensitivity of the
-9Barker criterion, 5 x 10 M, is achieved by the Milner 
Contracted-Surface Appearance Test, This test is considered 
by Milner to provide a sufficient guarantee of adequate 
purity for polarographic purposes.
In view of its high sensitivity; simplicity; and its 
applicability without using special tracers, materials or 
equipment; the Milner test will be used throughout these 
studies for checking that the mercury used for the 
polarographic electrodes is free from contamination by 
base-metals including antimony,
(ii) Noble-metals
The Full Physico-Chemical Surface-Contraction Test is 
the only test which has been found to be not only comparable 
with the Radioactive Tracer method in sensitivity and 
versatility, but also superior in simplicity, and 
applicability to untreated samples of mercury.
Since the sensitivity of the Full Physico-Chemical 
Surface-Contraction Test is probably as high for noble metals 
as the Milner method is for base-metals, it will be expedient 
to use this test for occasional checks on the noble metal 
content of the mercury used for electrodes in these studies.
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SECTION 5,
Experimental
Part III.
A study of mercury purification procedures.
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A. Introducti oil.
A literature survey of mercury purification 
procedures revealed the existence of a large 
number of published methods.
The merits of these methods , and of some 
unpublished procedures, ,were therefore investigated 
in order to ascertain the most suitable method 
for purifying the mercury to be used in these 
studies.
Some of these procedures involved multiple 
stages, the most complex method requiring eleven 
distinct operations.
In some methods, certain operations 
extended over 24 hours.
The important features of some representative 
methods are indicated in the following sections.
1. The Hanke and Johnson Method. (49)
This eleven-stage method consisted of the following 
operations;-
(a) Electrolysis (anodic) in the presence of 10% 
sulphuric acid.
(b) Extraction with caustic soda, agitated by 
compressed air.
(c) Extraction with distilled water, agitated by 
compressed air.
(d) Electrolysis (anodic) in the presence of sodium 
chloride.
(e) Extraction with distilled water, agitated by 
compressed air.
(f) Electrolysis (cathodic) in the presence of 10% 
sulphuric acid.
(g) Extraction with caustic soda, agitated by 
compressed air.
(h) Extraction with distilled water, agitated by 
compressed air,
(i) Extraction with dilute nitric acid, agitated by 
compressed air.
(j) Extraction by drop-wise passage under gravity 
down a tall column of distilled water.
(k) Removal of surface water with filter paper.
Hanke and Johnson considered that this method provided 
a product which was equal in quality to the purest reagent 
mercury.
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2, Method recommended by the Methods of Analysis Committee 
of the British Iron and Steel Research Associationj(5Q)
This five-stage method comprised the following 
operations
(a) Washing with water to remove any entrained acids.
(b) Drying, using filter-paper clippings.
(c) Separation by filtration through a sintered 
filter (Plate porosity - Grade ’M ”)
(d) Distillation of the residue left on the fi'lter- 
plate.
(e) Separation of the residual floating ,ftailu by 
filtration of the distillate from stage ”d!S, and of the 
filtrate from stage 5,c!f, using a hardened filter paper
(No. 541) which had been punctured with a pin.
It was claimed that a thorough cleaning could be 
obtained by this method.
3. The Haircloth Method. (51)
A five-stage method recommended by Faircloth consisted 
of the following sequence of operations;-
(a) Extraction with 20% nitric acid.
(b) Extraction with distilled water.
(c) Oxidative distillation.
(d) Extraction with 20% nitric acid.
(e) Extraction with distilled water.
The product was considered to be suitable for use in 
Square-Wave polarography.
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The Milner Method. (43)
This four-stage method consisted of the following 
operationss-
(a) Removal of solid matter by squeezing the impure 
mercury through chamois leather, or by passing the mercury 
through a No.3. sintered glass crucible or a No.UO.
Whatman filter paper.
(b) Extraction by passage, in very small droplets, 
through a long column of dilute nitric acid (1 part acid 
to 19 parts water).
(c) Extraction by drop-wise passage down a distilled 
water column.
(d) Vacuum distillation.
This method was suggested by Milner for the complete 
removal of impurities.
The Hills and Ives Method. (52)
This four-stage method consisted of the following 
operations^-
(a) Separation of floating impurities by filtration 
through perforated filter papers.
(b) Overnight extraction of soluble base metals with 
dilute nitric acid in a Buchner flash fitted with a vertical 
tube passing under the mercury surface, through which a 
stream of air could be drawn on applying a vacuum to the 
flash.
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(c) Extraction by passage from a funnel, with a fine 
jet pointing at an angle to the vertical, down a column of 
dilute nitric acid,
(d) Vacuum distillation in a single-stage unit from 
which air had been purged by a flow of nitrogen before 
evacuation.
Information on the quality of the product was not 
given.
6, The Israel Method. (38)
This four-stage method consisted of the following 
operations:-
(a) Extraction with acid.
(b) Double or Triple distillation.
(c) De-greasing by extraction virith hot molar potassium 
hydroxide.
(d) De-greasing by extraction vn.th Acetone.
Israel considered that this procedure produced a
purified mercury suitable for use in the dropping mercury 
electrode.
Operations a, c, and d, were considered by Israel to 
be adequate for cleaning mercury intended for use in the 
mercury pool reference electrode.
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7. The Wheeler Method. (53)
This three-stage method consisted of the following 
operationss-
(a) Separation of insoluble matter by passage through 
a pinhole in a conical filter paper.
(b) Oxidation of base metals by agitation with 
compressed air.
(c) Triple vacuum distillation with agitation by air 
induction.
The method was claimed to be both rapid and.efficient.
8. The Rykkelid Wet Method.(54)
This three-stage wet purification procedure consisted 
of the following operationsj-
(a) Extraction by passing the impure mercury down a 
column filled with dilute nitric acid (1 part concentrated 
acid to 3 parts water).
(b) Extraction using a distilled water column.
(c) Drying.
This process was subsequently replaced by Rykkelid 
with procedure 9.
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9. The Rykkelid Dry Method. (54)
This three-stage dry purification procedure consisted 
of the following operationss-
(a) Oxidation in air, with mechanical agitation, for 
several hours.
(b) Separation-Of insoluble matter by passage through 
a gold-adhesion filter apparatus.
(c) Distillation, under vacuum, with agitation by air 
induction.
This process was considered by Rykkelid to be suitable 
for purifying mercury intended for polarography. . 
Discussion
An analysis of the thirty-nine individual purification 
stages forming these nine Methods had revealed that only 
five basic physical or chemical operations were actually 
involved, comprising^-
Physical Operations 1) Absorption
2) Separation
3) Distillation
Chemical Operations 1) Oxidation
2) Extraction
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The analysis of the nine Methods for purifying mercury 
had also revealed very wide variations in media and 
equipment. In consequence, the rational selection of one 
of these Methods as the most suitable process for these 
studies was considered to be impossible without additional 
quantitative data on the efficiencies of each of the 
physical and chemical operations, especially when purifying 
mercury samples in which the impurities varied widely both 
in nature and concentration.
Conclusion
The successful prosecution of these studies had been 
shown to be dependent on the elimination of all unwanted 
variables, including the presence of interfering impurities 
in the mercury used for the electrodes.
It was therefore considered to be necessary to study 
the factors which affected the efficiency of each of the 
five fundamental physical and chemical operations, and, 
from the data obtained, to formulate a.combination of these 
operations which would provide the highest attainable 
degree of purity for the mercury to be used in these 
studies.
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!
Traditional procedures for purifying mercury have 
generally consisted of the fundamental processes given in 
the following table:-
STAGE PROCESS OBJECT
1 Filtration Separation of Floating Impurities
2 Extraction Removal of Base Metals
3 Distillation Removal of Foble Metals
A number of variations and developments of these 
three fundamental processes have been introduced from time 
to time, together with some entirely new processes, which 
have been reported to produce a purer quality mercury*
In order to ensure that the mercury used for 
electrodes in these studies was of the highest attainable 
degree of purity (see Section 3 ; part 2* ), it was
considered to be desirable to give some consideration to 
these new developments in purification, and to formulate a 
practicable procedure suitable for sustained application 
during these studies.
These developments, together with traditional processes, 
are considered and discussed in the following sections.
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B, REVIEW OF PURIFICATION PROCEDURES
These procedures have been classified as follows
1. PHYSICAL METHODS
a. Separation Processes
b. Distillation
2. CHEHICAL METHODS
a. Oxidation
b. Extraction
c. Electrolytic Processes
3. PROCESS COMBINATIONS
1. PHYSICAL METHODS
a. SEPARATION PROCESSES 
INTRODUCTION
Impure mercury consists generally of two distinct 
phases
i* The Surface Layer, comprising the floating 
insoluble impurities such as dust, fluff, debris and base- 
metal oxide skins, many of which adhere tenaciously to 
mercury but may be easily removed by separation processes.
The Lower Layer, comprising the bulk of the mercury, 
in which the impurities consist mainly of base and noble 
metals in solution.
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The separation of these two layers may be readily 
achieved by physical methods, which can be broadly 
classified into two categories according to the procedure 
adopted:-
(a) Withdrawal of the lower phase from the surface 
layer.
(b) Removal of the surface layer from the bulk of 
the mercury.
Equipment for withdrawal of the lower phase from the 
surface layer can conveniently be considered under the 
headings:-
1 Single Orifice Equipment
2 Multiple Orifice Equipment
Removal of the surface layer from the bulk of the 
mercury may be achieved either by skimming or decantation.
These processes are compared in the following section.
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(2) EQUIPMENT AND METHODS 
PROCEDURE a;- WITHDRAWAL OF THE LOWER PHASE PROM THE
SUREACE LAYER 
1 SINGLE ORIFICE EQUIPMENT
(a) Perforated Filter Paper
Impure mercury is allowed to pass slowly under gravity 
through a small pin-hole in the apex of a conical filter 
paper. A Whatman No. 40 paper has "been recommended.(43).
(b) Glass Separating Funnel
The impure mercury is allowed to stand in the funnel 
for a period of time sufficient to allow the more buoyant 
impurities to rise to the surface.
The "clean” mercury in the lower phase is then 
withdrawn.
(c) Gold-Adhesion Filter (55)
The apparatus consists essentially of a vertical tube 
containing a perforated diaphragm. The small orifice is 
surrounded by a gold ring which can form a metallic bond 
with pure mercury.
When impure mercury from a reservoir is allowed to 
pass down the tube, the metallic bond or seal.effectively 
prevents any contaminant creeping down between the column 
of mercury and the walls of the tube and orifice. These 
contaminants are retained in the residual bead of mercury 
above the orifice.
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2 MULTIPLE ORIFICE EQUIPMENT
In addition to the traditional process of.squeezing 
impure mercury in a chamois skin hag between rollers, a 
number of alternative filtration media have been proposed 
including Sintered or fritted glass, cloth, silk and bamboo 153)
3 INCLINED SURFACES(59)
It has been reported that separation of the two phases 
can be achieved by allowing impure mercury to flow slowly 
down a rough inclined surface.
PROCEDURE b :- REMOVAL OE THE SURFACE IMPURITIES FROM THE
MERCURY
1 SKIMMING METHOD
A folded filter paper is gently moved across the 
surface of the mercury, passing under floating impurities 
which are collected on the paper.
2 DECANTATION METHOD
The surface impurities are removed by gently decanting 
the surface layer from the bulk of the impure mercury.
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(3} DISCUSSION
PROCEDURE A: - WITHDRAWAL OF THE LOVER PHASE FROM THE
SURFACE LAYER
1 SINGLE-ORIFICE EQUIPMENT
(a) Perforated Filter Paper
(i) Advantages;-
a. Virtually all insoluble impurities can be removed.
b. Water is removed both by absorption and separation.
c. Impurities which were trapped between the mercury 
and the vessel wall are effectively removed.
d. The unit is made immediately available for further 
separations by simply replacing the filter paper.
(ii) Disadvantages ; -
a. The pin-hole must be small enough to ensure that a 
residual portion of the mercury, together with 
separated impurities, remain in the filter paper. 
Mercury may be recovered from these residues when 
their accumulated volume renders this expedient 
worth while.
b. The impure mercury must be poured slowly into the 
filter cone.
(b) Glass Separating Funnel 
Advantages :-
a. All solid impurities are effectively removed.
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b; The availability of a tap at the base of the funnel 
permits the retention of the impure mercury for the 
full duration of the period required for separation 
of the two layers, thereby improving the efficiency 
of the process.
c. The use of a glass-walled vessel permits continuous 
observation of the movement of the plane of separation 
during discharge of purified mercury,
d. With the tap initially in the nfully-openn position 
at the commencement of discharge, the major portion 
of the purified mercury can be rapidly extracted^
e. The tap permits accurate control of the size of the 
final aperture in order to ensure that only the 
minimum quantity of mercury is retained with the 
surface impurities.
(ii) Disadvantages:-
a. The equipment requires very careful handling for 
maximum efficiency.
b. The tap must be free from lubricant in order to 
avoid contamination.
c. Traces of water on the mercury may not be entirely 
removed owing to the vessel wall being non-absorbent.
d. During discharge, the lower part of the interior 
surface of the vessel becomes coated with separated
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impurities including base^metal oxide skins* It is 
therefore necessary to clean the vessel between 
separations, using an efficient solvent such as 
1 : 1 nitric acid, followed by a thorough rinsing 
with distilled and ”equilibrium” water, and final 
drying.
(iii) Conclusion
For repetitive separations, this method is not quite so 
convenient as the perforated filter-paper method.
However, if the aqueous layer was substantial in volume, 
and beyond the absorption capacity of a single filter 
paper, then the glass separating funnel was found to be the 
most satisfactory apparatus with which to separate the 
mercury from the surface layer impurities.
(c) Gold-Adhesion Filter
(i) Advantages
a. By making use of the ability of mercury to "wet”
a gold surface, the contamination of the product, by 
impurities absorbed on the surface of the mercury, 
can be avoided*
b. The unit is designed so that the mercury, which passes 
through the gold-ring surrounding the orifice, is 
drawn from the body of.the fluid in the tube, and .
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therefore does not carry any contaminant through 
the filter into the product*
(ii) Disadvantages t-
The disadvantages of the glass-separating funnel 
method are considered to apply equally well to the Gold- 
Adhesion Filter. Furthermore the gold-seal must be 
replaced at intervals, depending on the frequency of use, 
usually every 6 months.
(iii) Conclusions;-
Although the gold-adhesion filter might be capable 
of improved efficiency over many other methods of separation, 
it would appear that the degree of improvement is marginal 
over the perforated filter-paper method, which itself is 
used as a measure of mercury purity.
Furthermore, the gold-adhesion filter would'appear 
to be less convenient for repetitive separations.
2 MULTIPLE-ORIFICE EQUIPMENT
(a) Chamois Leather
(i) Advantages:-
The efficiency of this method has been established by 
its general use throughout the centuries, especially for the 
refining of gold.
217-
(ii) Disadvantages
a. It would be necessary to devise special equipment 
for operating this process.
b. The problem of removing impurities from the leather 
without causing chemical damage would require 
consideration.
c. This method might not easily lend itself to 
repetition.
(iii) Conclusion :-
This method appears to show no real advantage over 
the perforated filter-paper method.
(b) Other Filtration Media
(i) Advantages
The virtues of these materials, which have rendered 
them worthy of inclusion in the list of possible media, 
would appear to include speed and durability.
(ii) Disadvantages
a. In each case the cleaning process would be inconvenient 
and time-consuming.
b. Special retaining and operating equipment would 
probably be required.
Conclusion
It was considered that these filtration media, might prove
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inferior in overall efficiency compared with the 
perforated filter-paper method.
3 INCLINED PLANES
(i) Advantages;-
It has been reported that this process is more thorough 
than the filter-paper procedure. (39)
(ii) Disadvantages:-
It would be necessary to carry out an unknown amount 
of development work in order to establish the superiority 
of this method compared with other procedures.
(iii) Conclusion
It was felt this procedure would only be worthy of 
consideration if the perforated filter-paper method proved 
to be inadequate for these studies.
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PROCEDURE B :- REMOVAL Off THE SURFACE LAYER FROM THE
"PURE" MERCURY PHASE
1. Skimming
(i) Advantages:-
a. This method is simple and rapid.
b. In addition to removing solid impurities, surface 
moisture is also removed by absorption in the paper.
(ii) Disadvantages;-
a. It has proved difficult to remove all the floating 
impurities by this method, particularly in the 
zone adjacent to the wall of the containing vessel.
b. In addition, impurities which are trapped between 
the mercury and the wall of the vessel below the 
surface, cannot easily be removed by this procedure.
(iii) Conclusion:-
It was considered that this method is not so efficient
or convenient as the perforated filter-paper method.
2. Decantation
(i) Advantages:-
This method is bo.th simple and rapid.
(ii) Disadvantages;- .
a. A small portion of the surface layer was found 
to remain behind in the zone remote from the 
point of decantation.
-220-
b. A substantial quantity of the pure mercury in
the lower phase was unavoidably decanted with the 
surface impurities.
(iii) Conclusion
Although special apparatus might be possible 
which would overcome these disadvantages, such development 
work was considered to be outside the scope permitted 
by these studies.
(4) SEPARATION PROCESSES - GENERAL CONCLUSIONS
a. Removal of floating dust, fluff and debris
These impurities have been found to be readily removed 
by the perforated filter-paper method. The other methods 
of separation do not appear to be able to produce the same 
degree of separation with such speed and convenience.
In addition, appearance of the residual bead has 
already been shown to be a very sensitive test of purity.
The perforated filter-paper method will therefore be 
adopted throughout these studies for removal of floating 
impurities, such as dust, fluff and other debris.
b. Removal of floating base-metal oxide skins
Although the majority of these processes effectively
separate the surface layer from the pure mercury phase, the
latter phase still contains the bulk of the dissolved base 
metals.
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On exposing the fresh mercury surface to the 
atmosphere, the atoms of the base metals will rapidly 
oxidise as they diffuse to the surface and the oxide skins 
will rapidly reform.
Physical removal of the surface layer can therefore be 
repeated indefinitely without producing any significant 
improvement in the quality of the mercury.
The efficiency of separation processes for removal of 
base-metal oxide skins is therefore purely transient, and 
marginal in effect.
However, if all the dissolved base metals can be 
converted to their oxides by a suitable process, then the 
separation method might be effective, and the perforated 
filter-paper method would be used for this purpose.
If an aqueous layer was present, which appeared to be 
beyond the absorptive capacity of a filter paper, then a 
preliminary separation of the surface-oxide film and of the 
aqueous layer would be accomplished with a separating funnel. 
The product would subsequently be subjected to further 
purification and drying by passage through a perforated 
filter paper.
c* Standing Period before separation
When mercury has been agitated in contact with dust, 
metal or oxide impurities, or other finely divided particles, 
it was found that the particles may be so completely
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submerged in the mercury that a considerable period of 
time elapsed before these impurities were able to rise to 
the surface.
It was reported that finely divided aluminium oxqde 
may require three days for elevation to the surface.
For the purpose of these studies, therefore, an 
essential part of the separation method of purification 
would consist of a prolonged period of standing before 
separation, extending up to three days.
-223-
REMOVAL OF ANTIMONY, AND OTHER IMPURITIES, FROM MERCURY 
Y>* CONSIDERATION OF DISTILLATION PROCEDURES
1. INTRODUCTION
Since mercury volatilizes at a lower temperature than 
the common base and noble metal impurities, the process 
of distillation appeared to offer a convenient method for 
removing all the remaining impurities in one operation.
The availability of suitable stills was therefore explored 
including the possibility of utilising for this purpose 
the mercury stills installed as permanent laboratory 
equipment. However, since these stills received impure 
mercury from all sources it was apparent that very little 
control could be exercised over the purity of the product.
It was therefore decided to construct a new still 
which would be used exclusively for the purification of 
mercury supplied for, and recovered from, these studies.
In exploring the available designs for such a still, 
it was apparent that a number of modifications to traditional 
equipment had been introduced from time to time with a view 
to improving its efficiency.
In consequence, and in order to ensure that the still 
designed for these studies could provide the purest quality 
of mercury attainable by this process, the comparative 
merits of the basic equipment and of these modifications 
were subjected to a close scrutiny.
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2. REVIEW Off EQUIPMENT AND PROCEDURES
(a) ATMOSPHERIC - PRESSURE DISTILLATION EQUIPMENT
Although simple laboratory distillation equipment, with 
direct heating, had been originally used for mercury 
distillation, this method had clearly become obsolete 
following the introduction of vacuum distillation and was 
therefore excluded from further consideration.
(b) SIMPLE VACUUM DISTILLATION EQUIPMENT
(i) Batch-type
Simple vacuum distillation may be achieved in standard 
laboratory distillation equipment using sealed joints, the 
receiver being connected to a vacuum pump.
It was believed that electrostatic effects, during 
distillation, generated ozone from residual oxygen and an 
alternative design therefore contained a closed loop, so 
that after a preliminary evacuation, the still could be 
filled with nitrogen prior to normal operation.(52)
Mercury was visually distilled by evaporation rather 
than boiling. A typical method of operating simple vacuum 
distillation equipment consisted of heating a charge of 
1.5 - 2 Kg. of impure mercury in a 250 ml. distillation 
flask under a reduced pressure of 15 - 20 mm.
A rate of heating could be applied, through a sand bath, 
sufficient to distil approximately 300 g. of mercury per 
hour without bumping.
(ii) Continuous-feed type
A number of self—feeding v©.c\mm m©r^*viiry stills had 
been designed in which the vacuum was maintained by the 
use of barometric legs.
In one design, mercury was distilled in a simple 
tubular glass retort, which was replenished by the passage 
of mercury from an open reservoir situated beneath the unit, 
the mercury entering the retort via the barometric leg.
The retort, which was fitted with baffles to prevent 
splashing, was partially enclosed with asbestos and 
concentrically contained within an electric oven.
Continuous discharge of purified mercury was permitted 
by means of a "gooseneck" bend at the base of a barometric 
leg fitted to the condenser outlet.
(c) VACUUM DISTILLATION - WITH AIR INJECTION EQUIPMENT
(i) Single-Stage
It had been suggested that base metals as well as noble 
metals might be more effectively removed by distillation if 
the process could be carried out in the presence of air at 
a low, controlled pressure. It was considered that the air
-226-
would serve to oxidise those base metals which tended to 
vaporise with the mercury. j
Tests had shown that the required pressure of air 
could be provided and controlled by allowing a small current 
of air to flow into the still* under the influence of a I
continuously applied vacuum* j
In one design the air entered through a tube, drawn to !
a small aperture at the bottom, which dipped below the
surface of the mercury in the heating flask.(56)
During operation the air bubbled continuously through 
the liquid mercury and also mixed with the mercury vapour.
i:
(ii) Multiple-Stage
It had been suggested that double-distillation might be 
necessary for the removal of gold and platinum from mercury, 
and that for the complete removal of all impurities, in­
cluding silver, it might be necessary to employ three stages.
A number of designs for such stills were therefore considered, j 
It was found that a triple-stage mercury still could 
be assembled from three mercury-diffusion pumps, connected |
together in series.
Diffusion pumps of the umbrella design were considered [
to be most suitable for this application owing to their j
r
high vapour throughput.(53) |
Operation r
The still could be operated under a pressure of 20 mm.,
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using manostat control, and at a boiler temperature of 
200°C. Air could be bubbled into one or all of the three 
boilers in accordance with the nature and extent of the 
contamination.
Under these conditions it was considered that sufficient 
air could be passed into the boilers, and over with the 
mercury vapour, to oxidise any base metal vapours present*
With a 350 watt heater for each boiler, triple distilled 
mercury was reported to be produced at a rate of two pounds 
per hour.(53)
An alternative form of triple-stage vacuum still 
operated under a pressure of 10 - 15 mm., and with an optimum 
boiler temperature of 220° 5°C.(48).
In this equipment, moist air was allowed to bubble 
through the mercury in the first and second stills and was 
reported to effectively oxidise base metals including lead, 
zinc, cadmium, tin and copper.
A spiral trap in the outlet from each boiler was 
intended to remove entrained droplets.
The degree of purification achieved under these 
operating conditions had been reported and the results are 
given in Table 37.
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TABLE 37(48)Standards of purity obtained by submitting; six 
' samplesof impure mercury to triple-stage
vacuum distillation with air injection.
SAMPLE A N A L Y S E S
Evaporation - residue Speotrographic method
XWeight method)
Residue Silver Copper Gold
(p.p.m.) (ppm)(l) (ppm) (1) (ppm)(2)
1 0.023 0.1 - 0.3 0.1 - 0.3 ND
2 0.025 0.2 - 0.4 0.1 - 0.3 ND
3 0.025 0.1 - 0.3 0.1 - 0.3 ND
4 0.075 0.1 - 0.3 0.1 - 0.3 ND
5 0.025 0.1 - 0.3 o.l - 0.3 ND.
6 0.025 0.1 - 0.3 0.1 - 0.3 ND
Notes (1) Values of 0.1 - 0.3 p.p.m. signified that the 
spectroscopic line was Barely detectable.
(2) N.D. signified ”Not Detectable”.
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(d )  VACUUM D IS T ILLA TIO N _- WITH No/C 0p  INJECTION EQUIPMENT
   . ■ - t - i - i - . . .    .  t',-:. . g-  £ - .         , .
Consideration was also given to a design in which a 
stream of nitrogen or carbon dioxide was bubbled through 
the mercury.
The results reported for a vacuum of 25 mm. and a 
boiler temperature of 200°C are given in the following 
table, together with the results obtained by re-distillation 
of the products from the initial distillation. (57)
* Purification achieved by vacuum distillation 
using inert gas injection, in single and 
double stage.
METAL AMALGAM DISTILLATE COMPOSITION
COMPOSITION
p.p.h.m.
First Stage 
p.p.h.m.
Second Stage 
p.p.h.m.
Silver 30,000 100 Not Detectable
Gold 130,000 2.7 Not Detectable
Platinum Saturated 1.0 ---
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3 • DISCUSSION 038T DISTILLATION EQUIPMENT AND OPERATING
METHODS.
(a) ATMOSPHERIC - PRESSURE DISTILLATION.
It was evident that mercury purification by distillation 
under atmospheric pressure was easily accomplished without 
special equipment. In addition air-tight joints were 
unnecessary and the absence of a vacuum pump obviated the 
necessity for siting the still adjacent to water and drain 
services.
In practice, however, the product was reported (58) to 
retain traces of bismuth, copper, tin, lead and othei metals 
even after twelve distillations due to:-
(i) the small but appreciable vapour pressure of the
base metals at the mercury distillation temperature, 
and
(ii) boiling of mercury, resulting in a fine spray of 
droplets being carried over with the vapour.
The rate of evaporation was also reported to be very
slow.
(b) SIMPLE VACUUM DISTILLATION
(i) Batch-Distillation
Vacuum distillation permitted evaporation at much 
lower temperatures, so that impurities, which at these 
temperatures had lower vapour pressures than mercury,
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were retained in the boiler. The product would therefore 
have a higher grade of purity than the product of atmos­
pheric pressure distillation units j and would be largely 
free from base-metal contamination/
The rate of evaporation was rathef slow, however;, and 
it was considered likely that repetitive distillation would 
be necessary in order to obtain a product which was free 
from traces of noble metals.
(ii) Multiple-Stage Distillation
It had been suggested that multi-stage distillation 
could be simply achieved without additional equipment by 
automatically recirculating the product. This procedure 
appeared to have little to recommend it, however, since the 
product of the first distillation would clearly be 
re-contaminated by the residue in the boiler, and hence 
this process appeared to be scientifically unsound.
Distinct advantages would appear to be gained however 
by redistilling the product obtained from an initial 
distillation, either in a second still, or in the original 
still, after removing the residue in the boiler and 
thoroughly cleaning the interior surfaces.
Cleaning Procedure
An efficient cleaning procedure for mercury stills had 
been found to consist of distilling nitric acid in place 
of mercury, followed by a flush with dilute nitric acid,
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several rinses with, distilled and "equilibrium" water 
and a final drying.
(iii) Continuous-Feed Vacuum Distillation
It was considered that batch, distillation suffered 
from the disadvantage that the inpurity concentrations in 
the boiler contents increased in direct proportion to the 
reduction of volume resulting from the distillation. 
Consequently the efficiency of batch distillation could 
be expected to fall off rapidly during distillation.
It was felt that, by continuously renewing the contents 
of the boiler with fresh impure mercury in order to maintain 
the initial volume, the rate of build-up of impurities in 
the boiler might be considerably reduced. In consequence 
a much larger quantity of purified mercury might be 
distilled before it was necessary to withdraw the heavily 
contaminated residual amalgam from the boiler and recharge 
with fresh impure mercury.
Equipment for continuous distillation was considered 
to be more easily operated than batch-type apparatus since 
the vacuum was automatically maintained by the barometric 
legs and the presence of a vacuum pump was therefore only 
required during the initial starting-up process.
Equipment of this type appeared to be both simple and 
inexpensive to construct, and could readily be fitted with 
an automatic safety cut-out switch, which operated when the
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feed reservoir level fell tc a pre-determined position close 
to the inlet to the feed barometz*i,oleg, or when the mercury 
level in the boiler fell below the minimum safety level.
By installing this safety device the degree of 
supervision required could be reduced to a minimum/and the 
safety of the equipment, together with the maintenance of 
the. vacuum, could be assured.
(c) VACUUM DISTILLATION WITH AIR INJECTION
The efficiency of vacuum distillation may be improved 
by adopting air injection. Violent bumping can be reduced 
or prevented, and base-metals may be oxidised.
Although the high vapour pressures of cadmium and zinc 
rendered these metals particularly difficult to remove in 
a normal still, these metals had been reported to be 
eliminated by the use of air-injection..
It was reported that, under carefully controlled 
conditions, and provided enough air was passed over with 
the vapour, it was possible to completely remove base metals 
in a single distillation.
However, vacuum distillation with air injection had 
been reported to be less effective with noble metals than 
normal vacuum distillation. For removal of gold and' 
platinum at least two distillations were reported to be 
required when air injection was used.(56)
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This reduced efficiency with noble metals, and indeed 
with copper, could be attributed to spray carry-over, 
resulting from bursting of air bubbles at the mercury 
surface;
This suggestion had been confirmed by the insertion 
of an effective vapour trap in the boiler outlet tubes, 
when a better product was obtained, although the rate of 
distillation was considerably reduced.
Difficulties had also been experienced in maintaining 
a steady air flow.
From the above evidence there would appear to be 
serious disadvantages in using air injection during 
distillation. These disadvantages could clearly be overcome, 
by the simple expedient of oxidising the base metal 
impurities by air injection in separate equipment before 
the impure mercury was subjected to distillation.
(d) HEATING PROCEDURES
The efficiency of mercury purification by distillation 
was dependent on the establishment, both of a uniform 
heating rate and of a carefully controlled operating 
temperature, in order to avoid "bumping" which immediately 
caused a carry-over of base metals.
A number of direct heating methods were available 
including gas flame; electric oven, mantle and sheath.
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Consideration was also given to the possibility of 
utilising induction heating.
It had been reported that the application of induction 
heating caused a continuous swirling of the mass of mercury 
in the evaporator which not only prevented bumping but 
also improved the rate of evaporation.(59)
The product was therefore not only of a better quality 
but the output was also increased, and a capacity of 5 lb* 
per hour was reported to be readily achieved.
As a result of the uniform heating rate, the use of 
induction heating facilitated the introduction of 
automatic control of the still, with electronic control of 
the mercury level.
-236-
4. CONCLUSIONS.
It was evident that normal vacuum distillation, without 
injection of either air or inert gas* was superior to the 
other distillation methods investigated, and was indeed the 
only method to produce mercury containing less than 
1 p.p.h.m. of noble and base-metals.
In addition, the values of the improvement factors for 
each of the metals confirmed the superiority of the normal 
distillation process.
These results were in accordance with earlier reports 
that air-injection distillation was less effective with noble 
metals than normal distillation. The evidence appeared to 
show reasonably conclusively that a purity conforming to the 
Barker specification might be achieved by double - vacuum 
distillation, without gas injection; and with more certainty 
by triple distillation, without gas injection, provided that 
the initial concentrations of noble and base metals were 
below 1 p.p.m. and 0.1 p.p.m. respectively.
The noble metal content would not be expected to alter 
materially during the course of these studies, and, after 
initial purification, it would be expected to remain well 
below the 1 p.p.m. level throughout this period of tests.
The antimony concentration would be expected to increase 
considerably during these studies however, and the base metal 
content would also be likely to increase steadily due to 
reduction of impurities in the supporting electrolytes.
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Consequently, during the course of these studies, it 
would be necessary to ensure on each occasion before distil­
lation, that the base metal content had been reduced to a 
value below the 0.1 p.p.m. limit.
In order to achieve this reduction, it would be necessary 
to consider the introduction of preliminary auxiliary 
purification procedures for treating the impure mercury 
from these studies prior to distillation.
In addition, if it is accepted that the poor efficiency 
exhibited by vacuum distillation, with air and inert gas 
injection, was largely due to carry-over of impurities arising 
from bursting of the air or gas bubbles, it may well be 
concluded that the basic principle of oxidation of base- 
metals, to prevent their volatilization, is a perfectly sound 
procedure, and when performed outside the distillation equip­
ment, may assist in ensuring the efficiency of the subsequent 
vacuum distillation process.
It would appear to be advantageous therefore to introduce, 
in the preliminary auxiliary purification procedures, a 
base-metal oxidation process performed by air injection in a 
special apparatus designed for this purpose.
The efficiency of the distillation process may be 
further enhanced by the introduction of the continuous feed 
and discharge system, with its concomitant advantages of 
simplicity of operation, and reduction of the amount of 
supervision required for the mercury purification processes.
-238-
Before proceeding with the design of a suitable still 
unit,it was considered desirable to investigate further the 
type of equipment required for the preliminary oxidation 
process, and for the reduction of the base-metal content of 
impure mercury.
These investigations are reported in the following 
sections.
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CONSIDBHATION OP PROCEDURES FOR OXIDATION OF ANTIMQFf AND
OTHBR BASE-METAL IMPURITIES IN MERCURY.
I Principle
On exposing impure mercury to air at room temperature, 
the base-metal impurities such as lead, zinc, cadmium, tin, 
aluminium and copper were readily oxidised, whereas under 
the same conditions mercury was unattacked.
The oxides which were produced by this process formed 
insoluble films, flakes or skins which floated on, and 
adhered to, the mercury surface, but which could be easily 
removed by physical separation.
II Techniques
Normally only the base-metal atoms lying in the surface 
layer v\rere oxidised, but by passing air into the bulk of the 
mercury it had been found possible to oxidise a much greater 
proportion of the base-metal content.
If the mercury was then allowed to stand undisturbed, 
the base-metal oxides were observed to rise to the surface 
forming a thick skin which could be easily removed.
Alternatively, by performing the oxidation process in 
the presence of a solvent, both base-metals and oxides 
could be removed, by solution, from the mercury phase.
It was apparent that in applying both methods, 
precautions had to be taken to avoid contaminating the 
mercury with air-borne impurities.
A number of forms of equipment for oxidation of base- 
metal impurities in mercury had been reported and these 
processes were investigated and subjected to critical study *
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(III} discussion
A . . Air-injection Equipment.
An outstanding advantage of non-mechanical equipment 
was the convenience with which the oxidation process could 
he performed in the presence of a solvent, such as dilute 
nitric acid.
It was considered that the agitation caused by aeration 
could result in extensive extraction of soluble impurities 
by the acid. Consequently the impurities to be removed by 
the subsequent separation and extraction purification process 
could be considerably reduced.
(i) Units assembled from standard laboratory equipment.
(a) Advantages
This equipment could be readily assembled, operated, 
dismantled and cleaned. The size of vessel could be 
modified to suit the volume of impure mercury.
(b) Disadvantages
Since the air bubbles were usually large, the surface 
area exposed per unit volume of gas was comparatively small.
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Gonsequently these units were likely to he inefficient.
(ii) Tube aerators with fritted or finned distributors.(53) 
These units could be of sturdy construction, with a 
large potential capacity. Relatively small volumes of 
impure mercury could be treated in these units just as 
efficiently as large volumes.
The fritted air distributor ensured that the oxygen 
or air was efficiently utilised, and in consequence, the 
process of oxidising base-metal impurities could be 
completed within a shorter period of time than with the 
simple laboratory equipment previously described.
The unit was reported to be compact and convenient 
to operate, and after the initial setting up procedure, 
required no attention. For dealing with heavily contaminated 
mercury, the unit could safely be left in operation overnight. 
Mechanical equipment and methods.(55)- 
The base-metal impurities in the mercury were brought 
into intimate contact with the air in the cylinder. Since 
the mercury droplets were of minute size, the total surface 
area was large and oxidation of the base-metal impurities 
was accomplished rapidly.
The paddles broke up the oxide skins as they were 
formed, carrying them into and through the mass of mercury, 
thereby releasing droplets of mercury entrapped within the 
skins.
-242-
Owing to design limitations, it appeared to be 
impracticable to perform oxidations in the presence of 
solvents,
HT. GENERAL CONCLUSIONS
, The undoubted advantages of oxidation of base-metal 
impurities in the presence of a solvent appeared to render 
the use of air-injection equipment the most desirable 
procedure to follow in the purification of mercury for 
use in these studies.
The tube aerators, which appeared to be more efficient 
than the simple units assembled from laboratory glassware, 
were accordingly selected for this work.
In view of the relatively small quantities of mercury 
to be used in these studies, and the need for sustained 
high efficiency, it appeared to be desirable to fabricate 
a unit of smaller cross-sectional area than that 
employed in the units already described.
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SOLVENT EXTRACTION OF ANTIMONY AND OTHER IMPURITIES
FROM MERCURY
Consideration was given to the removal of the base-metal 
oxides, and of the remaining unconverted base-metals* in
order to reduce their concentration to a value below 0.1 p.p.m.
?
The process of chemical extraction appeared to be 
applicable to this type of problem, and a study was therefore 
made of suitable solvents, methods and equipment for t|iis 
process.
(1) Consideration of Solvents
It was apparent that the principle characteristics 
required of a suitable solvent included not only the ability 
to extract base-metals and their oxides, but also inertness 
towards mercury.
Typical solvents which had been suggested for use in 
extracting impurities in mercury are given in the following 
table.
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SODVEKTS CONSIDERED FOB THE EXTRACTION OF AHTIMOHY AND jj 
OTHER IMPURITIES EROM MERCURY SUPPLIED FOR. AMD RECOVERED EROM j
THESE STUDIES • i
MIXED SOLVENTS SINGLE SOLVENTS
NO. Constituent Conc'n No
.
Constituent Conc*n
1. Sulphuric Acid 
Ferric Chloride 
Potassium Perman­
6N
Dilute
10 Potassium Per­
manganate Sat1 d
2.
ganate
Sulphuric Acid 
Potassium Perman­
Cone.
7
11 Mercuric Chloride 
(Boiling)
7
ganate Dilute 12 Mercurous Nitrate 7
3. Sulphuric Acid 
Potassium Dichro- 
mate
Dilute
0.5%
13 Ferric Chloride S.G.
1.4-8
4-. Sulphuric Acid 
Iron Alum
10%
7
14- Potassium Hydro­
xide (Hot) 1M.
5. Sulphuric Acid 
Mercurous Sulphate
1:10
Excess
15 Sulphuric Acid 7
6* Potassium Cyanide Dilute 16 Nitric Acid 1%
Sodium Peroxide 9« 17
18
ft
t!
5%
10%
7. Nitric Acid 5% 19 II' 20%
Mercurous Nitrate 5% 20
21
It
II
25%
Dilute
8. Sulphuric Acid 
Nitric Acid
Cone.
Dilute
22 If ?•
9. Sulphurous Acid Dilute 23 Acetone -
Hydrochloric Acid Cone. 24- Kerosene
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It was evident that a number of these solvents 
contained polarographically active constituents including 
the metals, iron, aluminium, chromium and manganese. The 
presence of traces of any one of these constituents in the 
purified mercury could result in considerable interference 
with the polarographic studies of antimony compounds, and 
these solvents were therefore excluded from further 
consideration.
Solvents which tended to produce excessive oxidation 
of mercury, or to form salts of mercury which would be 
either insoluble or only slightly soluble in the wash water, 
were also excluded.
Of the remaining solvents, only nitric acid appeared 
to have been the subject of quantitative studies concerning 
its efficiency in the removal of antimony and other 
impurities from mercury.
It was commonly thought that considerable losses of 
mercury occurred when nitric acid was used. After passing 
mercury three times down a 5% nitric acid column, the quantity 
of mercury which had been attacked was reported to vary 
between 5 and 9 per cent. (39)
However, on shaking 500 g. of mercury with 30 ml. of 
10% nitric acid for one hour at 20°C, only 2 mg. were reported 
to be dissolved, whereas when the mercury was merely allowed 
to stand in contact with the acid, considerably greater 
quantities of mercury were dissolved.
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It was evident therefore that mercury and nitric acid 
were not to be permitted to remain in static contact during 
the purification process.
Metallic impurities in mercury were reported to be 
removed by nitric acid with increasing efficiency according 
to the series copper, lead* tin, nickel, cadmium, 
manganese, chromium, aluminium and magnesium* (41)
Quantitative data on the efficiency of removal of 
antimony and other metallic impurities by nitric acid, of 5% 
and 10% strengths, are given in the next section.
cii) Consideration of extraction equipment and methods of 
operation.
It appeared that extraction equipment for the purifica­
tion of mercury could be classified into two groups, according 
to the method by which impurities were brought into intimate 
contact with the solvent:-
(A) Mercury flowing under gravity through a solvent 
column.
(B) Agitation of mercury and solvent.
(A) Gravity-flow through a solvent column
Consideration of available procedures:- 
The classical method for the purification of mercury, 
by gravity flow through a solvent column, consisted of 
passing mercury drop-wise down a tall vertical tube
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containing the solvent, usually nitric acid.
The drops usually issued from a perforated conical 
filter paper held in a funnel above the tube, or emerged 
from the partly-closed tap of a separating funnel.
The product could be discharged from the base of the 
tube by means of a tap. Alternatively, a "gooseneck" trap 
at the base of the tube permitted the continuous discharge 
of the product, in a relatively solvent-free form.
In order to obtain smaller drops, the mercury could 
be passed through a cloth.
The extraction efficiency could also be improved by 
indenting the tube so that, by striking numerous shoulders 
on opposite sides of the tube, the droplets were forced to 
follow a zig-zag course.
It had been suggested that a suitable tube would be 60 
cm. in length and 2 cm. in diameterM)lt was essential that 
the goose-neck U-tube at the base of the extraction column 
was constructed from very thick-walled capillary tubing 
since the mercury in one arm of this U-tube sustained the 
weight of the column of solvent in the adjoining tube.
2. Discussion
The process of extraction by gravity-flow through a 
solvent column was both rapid and convenient, and, in its 
simplest form, required no special apparatus.
However, during a single passage down the column, it was 
reported that only a small part of the base-metal content was
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remove d.
Although the two methods suggested for improving the 
efficiency of the column were reported to be effective, it 
had been reported that a number of passages through the tube 
were still necessary in order to secure a substantial 
improvement in the quality of the mercury*(39)
Investigations had also shown that solvents were able 
to percolate, in small quantities, through the mercury trap 
into the discharged product, their presence being revealed 
by the appearance of minute globules of solvent on the 
surface of the purified mercury and by hair-like lines and 
discolourations on the inner surfaces of the glass receiver.
3. Consideration of factors affecting purification by
repeated passage of mercury through a solvent column.
It was evident, in view of the relative inefficiency
of this purification process, that removal of a substantial
proportion of the impurities could only be achieved by
repeated passage of mercury through the solvent column.
The number of such passages could not be large however,
since mercury was slightly soluble in solvents which were
suitable for removing impurities, and it had been considered
that three passages through the column was probably the
optimum number for maximum overall efficiencyj(60)
In an alternative system provision was made for the
solvent to flow through the column in an upward direction,
with fresh solvent entering at the base of the column and
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spent solvent being discharged near the top of the tube.
4-. Consideration of methods for removing traces of solvent 
from purified mercury.
It was considered that entrapped solvents and traces of 
water-soluble mercury salts might be removed by shaking 
with, or passage through, columns of distilled water and 
finally "equilibrium" water. The last traces of moisture 
could then be removed by one of the normal drying procedures.
Alternatively the lower part of the tube, between the 
mercury and solvent phases, could contain a non-aqueous 
layer, through which the drops of mercury could pass • 
before joining the product in the U-tube, thereby affording 
each drop an opportunity to shed its solvent mantle, and 
producing a product which would be virtually dry.
5. Consideration of methods for reducing the extent of 
mercury losses by solution
Since mercury was slightly soluble in most solvents, 
a slight loss of mercury would occur during passage through 
the column. In addition, mercury salts which would tend to 
accumulate in the column, could precipitate and block the 
tube.
Corrosion of the mercury by solvents could be minimised 
by shielding the purified mercury in the U-tube from the 
solvent by means of a barrier fluid, such as carbon 
tetrachloride.
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6* Conclusions
It would appear that gravity flow through a solvent 
column could provide a useful technique for preliminary 
cleaning of mercury which was known to he free from large 
quantities of impurity.
This condition could well apply to the mercury which 
would be recovered from each of the experiments forming 
these studies.
However, the primary problem remained the development 
of a suitable method for extracting relatively large 
quantities of base-metal oxides, resulting from the preliminary 
oxidation of impurities in the mercury initially supplied 
for use in these studies.
A method consisting of agitating mercury in the
presence of a solvent might permit the efficient extraction
of large quantities of impurity. Consideration was according­
ly given to the availability of suitable agitation 
procedures.
(B) Consideration of agitation methods for solvent extraction 
of antimony and other impurities from mercury.
Agitation methods of extraction were considered in two
sections according to the systems employed for agitation:-
(1) Internal agitation, by aeration, or gas injection.
(2) External agitation, by manual or mechanical means.
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(1) Procedures for internal agitation by gas-injection
(a) Equipment and methods
In this process the primary object was to obtain the 
maximum contact area between the mercury impurities and 
the solvent. In the oxidation process by air injection 
however, it was important to arrange for the maximum contact 
area between the mercury impurities and the oxidising medium.
Consequently it was considered that the procedure 
adopted for oxidation might not necessarily be suitable for 
the dual purpose role of oxidation and extraction. It was 
felt however that in view of the similarity of the equipment 
designed for these two functions, the possibility of using 
an oxidation unit for extraction merited investigation.
A number of methods of agitation had been developed, 
including vacuum induction of air and the application of 
compressed air, oxygen and nitrogen.
(b) Performance:-
It was reported that after extended agitation of impure 
mercury with air in the presence of 10% nitric acid, the 
residual tin content could not be reduced below 2.4- p.p.h.m.(39); 
The lower limit for copper was 7*8 p.pJtun. and a cadmium 
impurity of 100 p.p.m. was not entirely removed in four days. 
Other reports indicated that a complete purification could 
be accomplished in three days.(56)
-252-
(°) Discussion
The maximum quantity of base metals 
which could be permitted to remain in the mercury prior to 
distillation had been rationally fixed at 0.1 p.p.m., in 
order to ensure that a final distillation product could be 
obtained which conformed to the Barker specification, which 
had been accepted as a suitable criterion of purity for the 
purpose of these studies.
The residual contents of tin and copper, of 2.4- and 
7.8 p.p.h.m. respectively^Qwere clearly well below the 
100 p.p.h.m. limit, and it would appear that prolonged 
extraction with air-agitation might be a suitable process 
for the removal of base-metal oxides.
The major disadvantage of this procedure appeared to be 
the extended time required for completion of the extraction 
process.
Two possible causes suggested themselves.
(1) The large size of the bubbles, leading to poor 
interfacial contact between mercury and solvent.
(2) The virtual exhaustion of the solvent after a 
short period of time, due to reaction not only 
with the impurities, but also with the mercury.
(d) Conclusions
It was considered that the disadvantages of this method 
might be overcome by the following expedients:-
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(i) Inserting a fritted distributor to obtain improved 
air dispersion.
(ii) Selecting a medium which was a good solvent for 
the base-metal oxides.
(iii) Adjusting the concentration to ensure the minimum 
solvent action on mercury.
(iv) Providing for renewal of the solvent either
continuously or intermittently during the extraction 
process.
Consideration was also given to the possibility of 
making use of shaking processes to accelerate the rate of 
extraction of the base-metal impurities.
(2) Consideration of shaking procedures
A series of tests had been reported in which the 
efficiency with which antimony, and other base metals, could 
be extracted with nitric acid by the shaking process, had 
been investigated.(4l)
These tests provided adequate quantitative data with 
which to select the most suitable extraction procedure for 
these studies.
a* Antimony-extraction efficiency test
(i) Procedure:-
The radioactive-trace technique had been used for 
determining the concentration of antimony in the mercury 
samples prepared for, and resulting from these tests.
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1?4The antimony isotope Sb , with a half-life of 60 
days, was selected. Standards were prepared by dissolving, 
with warming, an appropriate known amount of the isotope 
in 10 ml. portions of mercury. Dilute amalgams were prepared 
from the more concentrated amalgams by successive dilution 
with mercury. A number of test samples of mercury were 
prepared in the same manner, and extracted with nitric 
acid under varying experimental conditions.
The quantity of antimony remaining in the sample 
after extractions was determined by measuring the activity 
and comparing the value with that of the standard measured 
at approximately the same time. The radioactivity waq 
measured in the usual manner, using a thin-walled Geiger- 
Muller counter fitted with a concentric glass skirt 
accommodating 10 ml. of liquid.
Each extraction consisted of a number of stages
STAGE 1 Shaking with dilute nitric acid, of varying
concentration, until the mercury broke up into discrete 
drops.
STAGE 2 Shaking continued for varying periods of time.
STAGE 3 Stage 2 operation was repeated using a fresh
portion of acid.
STAGE 4 Extraction of the acid by washing with distilled
water.
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STAGE 5 The mercury was dried by warming under reduced 
pressure.
(ii) Results (41)
STAGE 1 • -
With initial antimony concentrations less than 
10 p.p.m. the mercury was found to break up immediately into 
discrete drops.
With larger concentrations, the time required for 
the mercury to break up into drops was determined mainly 
by the magnitude of the concentrations.
STAGES 2 - 5
The results of the variations in nitric acid 
concentration and in duration of extraction are given in 
the following Table
EFFICIENCIES OF ANTIMONY EXTRACTION BY NITRIC ACID
Method
No.
Nitric Acid 
Concentration 
(%)
Duration of 
Stage 2 
Extraction 
(min.)
Antimony 
Residual 
Concentration 
(p.p.h.m.)
1 10 5 0.071
2 10 10 0.007 (MAX.)
3 5 10 3.3
1!
|
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(iii) Discussion j
- ' 1
li
From the Table, it is evident that after the application 
of Method 2, the product exhibited an activity indistinguish­
able from the background level.
However the actual residual concentration of antimony' 
may be considerably below 0.007 p.p.h.m., and since the 
Barker specification was equivalent to approximately 0.005 
p.p.h.m., it was apparent that the second method of 
extraction provided a product which, in respect of antimony 
content, conformed to the Barker Specification.
(iv) Conclusions
On the basis of the quantitative data obtained from 
these efficiency tests, it was concluded that the extraction 
process followed in Method 2 would be suitable for the 
removal of antimony from the mercury supplied for, and 
recovered from these studies.
However the mercury supplied for these studies contained 
base-metals other than antimony, and the mercury recovered 
from these studies would contain traces of base-metals derived 
from the reduction of impurities in the supporting 
electrolytes. It was therefore desirable to ascertain 
whether these extraction processes would remove base-metals 
other than antimony with the same degree of efficiency.
This aspect had been investigated (41) and it was 
evident that for the more difficult base metals such as tin
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and copper, a product could be obtained, which conformed 
to the Barker specification, if the mercury was extracted 
with 10% nitric acid prior to distillation.
It was considered that by extending the extraction 
period to fifteen minutes* the cadmium and zinc contents 
might also be reduced to the Barker limit prior to 
distillation. This was considered to be of great importance 
in view of the high volatility of these two metals under the 
conditions in which mercury was distilled. By this procedure, 
indium and lead would also be reduced to concentrations well 
below the Barker specification.
By analogy with the results obtained from these tests, 
it was reported that metallic impurities such as gallium, 
lithium, magnesium, sodium and their compounds, could also 
be effectively removed by extraction.
Tests had also shown that aluminium was removed by 
extraction with dilute nitric acid.
The low solubility of iron in mercury, coupled with its 
high boiling point, would appear to ensure that the product 
after distillation would conform to the Barker specification.
CONSIDERATION OF COMBINED ELECTROLYTIC OXIDATION AND 
SOLVENT EXTRACTION PROCESSES.
These processes were reported to be excessively, slow 
compared with other methods of purification, and required 
careful stirring. The combined processes were also reported
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to be rather inefficient.
There appeared to be little if any advantage in their 
use in place of the separate oxidation and extraction 
processes already studied and for which adequate performance 
data was already available.
GENERAL CONCLUSIONS
The 5-stage extended process of extraction (which
included as Stage ”2” the process of shaking with 10% nitric
acid for 10 minutes), had been shown to be capable of
reducing an initial antimony concentration of 10 p.p.m. to
a value below 0,007 p.p.h.m. (41)
Since the latter value was close to the Barker maximum 
of 0.005 p.p.h.m., this method of purification was selected 
for use throughout these studies for the preliminary removal 
of antimony. The period of extraction would be extended to 
20 minutes at each stage, however, in order to reduce the 
cadmium and zinc concentrations to values approaching the 
Barker maximum.
Further reduction to a value below the Barker maximum 
would be expected to occur during the subsequent distillation 
process for removing noble metal impurities.
Indium would be effectively reduced to 0.0002 p.p.h.m. 
by the same procedure, and copper and tin would be reduced to 
levels below the 0.1 p.p.m. threshold value for effective 
subsequent treatment by distillation to below the Barker
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maximum. Aluminium would be almost completely removed.
By analogy, it would be expected that gallium, lithium, 
magnesium and sodium would also be effectively removed by 
this process.
Removal of grease and oil
In view of the importance of maintaining a perfectly 
clean mercury/solution interface throughout these studies, 
it was considered that de-greasing of mercury would be an 
essential constituent of any purification procedure.
Methods which had been suggested for removing oil and 
grease included shaking with kerosene (38) , and treating
small batches of mercury with hot molar potassium hydroxide 
followed by an acetone extraction.
The latter two-stage process would appear to be the
more effective method and this procedure would therefore be
adopted for use in these studies.
Removal of water
It appeared that traces of water could be effectively 
removed by passage of the mercury through a perforated conical 
filter paper, when any water would be absorbed by the paper.
Warming the mercury under an applied vacuum, or heating 
the mercury in an oven at 120°C had also been suggested for
the removal of moisture. In view of the toxic nature of
mercury vapour however the adoption of the latter process was 
considered to be inadvisable, and it was considered to be 
preferable to adopt the filter-paper method.
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THE ffORMULATION OF THE MERCURY PURIFICATION PROCEDURE 
1/ Introduction
T h e  d a t a  o b t a i n e d  f r o m  t h e  s t u d i e s  w a s  f o u n d  t o  
p r o v i d e  a n  a d e q u a t e  q u a n t i t a t i v e  b a s i s  o n  w h i c h  t o  
f o r m u l a t e  a n  e f f i c i e n t  m e r c u r y  p u r i f i c a t i o n  p r o c e d u r e  f o r  
u s e  i n  t h e s e  s t u d i e s .
The limit of 5 x 10 'M, or 0.005 p.p.h.m. , which had
been suggested by Barker as the maximum concentration of
impurities to be permitted in mercury for use in 
polarography, had been accepted as a convenient initial
criterion for the degree of purity required for these
studies.
It was appreciated that during the conduct of these
studies further evidence might beco.me available requiring
an even higher degree of purity, but it eventually became
a p p a r e n t  t h a t  t h e  B a r k e r  s p e c i f i c a t i o n  w a s  q u i t e  a d e q u a t e
for studies involving concentrations of the polarising
-4ion of the order of 10 M, and this specification was 
accordingly adhered to throughout these studies.
In formulating the purification procedure, it was 
considered to be essential to provide an adequate margin 
of efficiency so that any additional contamination 
from unsuspected sources could also be effectively 
removed.
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2/ Discussion of the basic physical and chemical operations.
(a) Distillation
It had been found that double vacuum distillation,
without air induction, was capable of producing, under
certain operating conditions, a product conforming broadly 
to the Barker limit. It was considered that the use 
of an additional distillation stage would provide an 
adequate margin of purification ability at the lower 
concentration level, extending from 0.1 p.p.m. down to
0.005 p.p.h.m.
The maximum values for noble and base metal contents 
for attainment of the Barker limit, by double-stage 
distillation, had been shown to be 1.0 and 0.1 p.p.m. 
respectively in the mercury fed to the still.
(b) Solvent Extraction
It had been found that the maximum concentrations of
1.0 and 0.1 p.p.m. of noble and base metals respectively,
which had to be achieved before distillation was permissible, 
could be attained by a five-stage extraction process, 
incorporating shaking for ten minutes with 10% nitric acid 
as the critical second stage.
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Ci).' Duration of process of extraction by shaking.
A margin of purification ability in the middle 
concentration range of 10 - 0.1 p.p.m. could be simply 
introduced either by extending the extraction period to 
fifteen minutes or by introducing an additional 
extraction stage.
Since low impurity concentrations were involved, 
the efficiency of extraction with 10% nitric acid would 
be largely maintained throughout a fifteen minute 
extraction period, while the solvent effect on the 
mercury would be considerably reduced during the latter 
part of this period.
Conversely, an additional extraction stage with 
fresh nitric acid would achieve only a negligible 
improvement in impurity extraction efficiency while 
dissolving an additional quantity of mercury, equal 
in volume to that dissolved in the preceding stages.
It was evident, therefore, that by extending the 
second stage of the extraction process to a period of 
fifteen minutes, the rate of impurity extraction could 
be maintained, the efficiency of the overall process 
improved and the loss of mercury minimised.
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(ii) Column Extraction Processes
A  f u r t h e r  p u r i f i c a t i o n  m a r g i n  c o u l d  b e  
p r o v i d e d  b y  t h e  u s e  o f  s o l v e n t  c o l u m n s  i m m e d i a t e l y  
a f t e r  t h e  p r o c e s s  o f  e x t r a c t i o n  b y  s h a k i n g .
It had been previously concluded that such 
columns were more efficient when treating mercury 
containing small amounts of impurity, and the 
introduction of these columns between the shaking 
and distillation processes would permit the column 
units to function with maximum efficiency.
Now stage four of the extraction process 
consisted of a washing procedure for removing solvent.
By introducing between stages three and four, a number 
of solvent columns complete with "goose-necks" containing 
carbon-tetrachloride, additional solvent-removal stages 
would be incorporated as well as additional solvent- 
extraction stages. The efficiency of the subsequent 
stage-four water-wash would therefore be considerably 
improved and the period of time required for this stage 
might be materially reduced.
-264-
(c) Oxidation of base-metals
In order to obtain the highest degree of efficiency in 
both extraction and distillation procedures, it had been 
found to be necessary initially to convert all base-metal 
impurities into oxides and to carry out a physical separation 
of these oxides prior to the extraction process.
It had been found that the oxidation process could 
conveniently be performed overnight by vacuum induction 
of air through a layer of impure mercury in a Buchner 
flask, the air entering through a vertical tube, which 
terminated in a jet below the surface of the mercury.
The efficiency of this process was further enhanced 
by adding to the mercury an equal volume of 1% nitric 
acid, which not only assisted in the oxidation of 
impurities but also served as an extraction medium for 
the more soluble products.
It was considered that acid of 1% strength was more 
suitable for this function than 10% acid, in view of the 
extended duration of the process and of the greater solvent 
power for mercury of the 10% acid.
Furthermore, with the stronger acid, a substantial 
loss of mercury might occur in the event of a cessation 
of the flow of water through the vacuum pump, since it 
had been reported that, at a static mercury/nitric acid 
interface, a considerably greater loss of mercury occurred 
by dissolution than at an agitated interface. (41)
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In order to provide a margin of purification ability, 
it was considered desirable that, on the comoletion of 
one overnight oxidation, the floating impurities should 
be removed by a separation process, and the base-metal 
oxidation process repeated during the following twenty-four 
hours. The mercury would then be allowed to stand for 
three days in order to permit submerged impurities to 
rise to the surface.
After a further separation of floating impurities, 
the mercury would then be considered to be in a suitable 
condition for solvent extraction of the remaining 
unconverted base-metals and unseparated oxides.
(d) Separation
Any floating dust, fluff or debris, which appeared on 
the mercury surface before the oxidation process, could be 
conveniently removed by initial passage through a 
perforated filter paper.
3/ CONCLUSION
It was finally concluded that the optimum mercury 
purification procedure to be adopted throughout these 
studies should consist of the following sequence of.five 
multi-stage processes:-
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OPTIMUM MERCURY PURIFICATION PROCEDURE DEVELOPED FOR THESE
STUDIES
SECTION 1 :- REMOVAL OF FLOATING IMPURITIES INCLUDING FLUFF. 
DUST, DEBRIS AND BASE-METAL OXIDE SKINS.
- Passage of the impure mercury through a 
perforated filter paper.
SECTION 2 :- REMOVAL OF OIL AND GREASE
Stage 1:- Shaking with hot potassium hydroxide for 
fifteen minutes.
Stage 2 :- Removal of aqueous layer with a separating 
funnel.
Stage 5:- Shaking with distilled water for fifteen minutes.
Stage 4 :- Separation of aqueous layer.
Stage 5:- Shaking with acetone for fifteen minutes.
Stage 6 :- Separation of acetone layer.
SECTION 3:- OXIDATION OF BASE-METALS AND PART-REMOVAL OF BASE- 
METAL OXIDES.
Stage I:- Vacuum induction of air through the mercury for 
twenty-four hours in the presence of 1% nitric acid.
Stage 2 :- Removal of aqueous layer and of any floating 
oxide skins with a separating funnel.
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Stage 3:- Repetition of Stage 1*
Stage 4 :- Impure mercury allowed to stand for three 
days in a separating funnel, to allow submerged 
base-metal oxides to rise to the surface.
Stage 5:- Repetition of Stage 2.
Stage 6:- Passage through a perforated filter paper to 
remove any remaining base-metal oxide skins.
SECTION 4 :- REMOVAL OP BASE-METAL OXIDES
PART A :- SOLVENT EXTRACTION BY SHAKING.
Stage 1:- Shaking with 10% nitric acid (prepared by 
diluting one volume of concentrated acid, S.G. 1.42, 
with nine volumes of distilled water) until the 
mercury mass changed into discrete drops.
Stage 2:- Shaking continued for fifteen minutes.
Stage 3:~ Removal of aqueous layer with a separating 
funnel.
Stage 4 :- Repetition of Stage 2 with a fresh portion 
of acid.
Stage 5:- Repetition of Stage 3*
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PART B :- EXTRACTION BT SOLVENT COLUMNS.
S t a g e  I : -  D r o p w i s e  p a s s a g e  o f  i m p u r e  m e r c u r y  d o w n  a
column of 10% nitric acid, into a carbon tetrachloride 
gooseneck.
Stage 2;- Repetition of Stage 1. using a second column.
Stage 3 :- Repetition of Stage 1. using a third column.
Stage 4 :- Dropwise passage of impure mercury down a
column containing distilled water.
Stage 5:~ Shaking with "equilibrium" water.
Stage 6 :- Separation of aqueous layer.
Stage 7:- Passage through a perforated filter paper 
for removal of residual water.
Stage 8:- Warming under reduced pressure for removal 
of traces of moisture.
SECTION REMOVAL OF NOBLE-METALS AND REMAINING BASE
METALS.
Stages 1 - 3:- Triple distillation, under vacuum, 
without air injection.
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D. NOTES ON EQUIPMENT FOB THE PURIFICATION OF MERCURY
With the exception of the still, the mercury purification 
equipment consisted of standard laboratory glassware which 
had been thoroughly de-greased with benzene and acetone, and 
finally cleaned with aqua-regia followed by a rinsing with 
distilled water and "equilibrium" water.
A specially designed vacuum-still was built for the 
purpose of purifying mercury to be used in these studies, 
incorporating continuous-feed, and electric-oven heating.
(Fig.13 ).
A safety cut-out switch operated if the mercury levels 
in the evaporator and feed reservoir fell below the 
prescribed safety levels.
After distillation of several kilograms of mercury, the 
still was cleaned with 1:1 nitric acid, thoroughly rinsed 
with distilled and "equilibrium" water, dried and 
re-commissioned.
Each batch of mercury was distilled three times.
E. STORAGE OF PURIFIED MERCURY
Polythene had been found to be unsuitable for storage of 
mercury purified by this process, since it rapidly developed 
a surface oxide skin. This skin had been attributed to the 
dissolution of traces of base-metal compounds, which had been 
used as accelerators in the manufacture of polythene, and had 
been retained in the product.
gig, 13»
P r i n c i p l e  o f  t h e  c o n t i n u o u s - f e e d  t y p e , v a c u u m  m e r c u r y  s t i l l  
c o n s t r u c t e d  f o y  p u r i f y i n g  e l e c t r o d e - m e r c u r y  t o  b e  u s e d  i n
t h e s e  s t u d i e s .
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Consequently all mercury, which was Intended for use 
in these studies, was stored in stoneware Jars which had 
been thoroughly cleaned by aqua-regia.
All containers for mercury were sealed with corks. 
Rubber was avoided throughout these studies since traces 
of sulphur in this material were reported to be readily 
absorbed by mercury and produced interfering polarographic 
waves.
P. THE MERCURY CYCLE
All mercury stocks were submitted to purity tests 
before being approved for use in these polarographic studies. 
After each experiment the mercury was recovered from the 
polarographic cells and stored.
Batches of several kilograms of once-used mercury were 
periodically purified by the optimum procedures.
G. MERCURY TRANSFER
All purified mercury was transferred to the electrodes 
from the stock jars, by means of suction pipettes, in order 
to ensure that only the purest quality mercury from the body 
of the stock was used in these studies. Any surface-borne 
impurities were accordingly retained in the jars. The 
accumulated residues from these jars were periodically 
purified.
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SECTION 5.
Experimental.
Part IV.
A study of the coupled anodic-cathodic E.G. polarographic 
wave for tri-valent antimony in Normal alkali media.
I n t r o d u c t i o n .
It appeared that only two types of polarographic 
wave had been previously observed which could be clearly 
attributed to two different electrode reactions 
involving trivalent antimony compounds in alkaline 
media. These two waves appeared to represent anodic 
and cathodic reactions respectively.
Only three references to the subject of coupled 
waves in alkaline media had been detected in the 
published literature. In each paper an indication had 
been given of a possible shape for a combined wave. 
However, the polarogram which illustrated each paper was 
either grossly distorted or incompletely developed and 
an accurate determination of the characteristics of the 
combined wave was therefore not possible.
Furthermore the nature of the antimony compounds 
which had been used in these tests had not been given 
in any one of these papers, thereby preventing any valid 
comparison of these reports.
The most recent polarogram, published by Milner in 
”1957 (Fig.17 ) appeared to be similar to an earlier 
polarogram originally published by Kolthoff and Probst
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in 1 9U9 (Fig* 14 ). In these polarograms, traces 
attributed by the authors to anodic waves were visible 
but the waves were greatly distorted and exhibited an 
unusual maximum, followed by an immediate and rapid 
reduction in current at potentials more positive than 
the maximum•
The base of the cathodic wave also appeared to be 
distorted. This distortion had apparently been 
aggravated by an insufficiency of potential/current 
markers during the production of the polarograms, which 
had presumably been obtained by manual polarography.
The only other polarogram which had been discovered 
was published by Haight in 1 953 (Fig.15 ). In this 
polarogram, the anodic wave was incompletely developed 
owing to the presence of an overlapping and larger wave 
attributed to arsenic. The true shape of the anodic 
antimony wave could therefore not be fully determined.
An approximate analysis of the cathodic wave was also 
found to be impracticable owing to the absence of 
convenient potential markers. The markers that were 
given in the. illustration wrere separated by gaps of 
600 mV., whereas a satisfactory wave analysis normally 
requires accurate potential markers at intervals of the
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order of 20 mV• In addition, no indication of the 
potential magnitudes was given, nor of the position of 
zero potential.
The cathodic wave appeared to approach the 
theoretical shape for a polarographic wave, hut although 
this wave had been attributed to the reduction of 
antimony, the solution had contained an excess of 
arsenic (h x 10’\ ,  compared with 2 x for the
antimony concentration). The extent to which the wave­
shape had been influenced by the presence of arsenic was 
not reported, and perhaps was not even known, so that 
this wave was unfortunately of little value for 
determining wave characteristics.
hot one of these published polarograms could 
therefore assist in the formulation of a reliable 
description of the coupled anodic and cathodic waves 
produced by a trivalent antimony compound in alkali 
solution#
Haight had nevertheless reported that the ratio of 
the cathodic and anodic wave heights was 3 : 2, and 
stated that this value was identical with that found by 
Kolthoff and Probst. However, in the paper, published 
by Kolthoff and Probst*the ratio of the anodic and 
cathodic wave heights for trivalent antimony oxidation
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and reduction reactions was not mentioned,# The only 
polarogram reproduced in this paper represented anodic 
and cathodic waves for trivalent antimony in 0.1N alkali, 
hut in view of the distorted nature of this polarogram, 
it was not possible to deduce even an approximate value 
for the ratio of the diffusion currents, or of the 
half-wave•potentials*
However a reference was made in this paper to the 
ratio of 3 : 2 recorded for the ratio of the wave-heights 
for the reduction of pentavalent antimony compounds in 
6n hydrochloric acid, and Haight*s reference may have 
originated from this data.
B. Conclusions.
It had been suggested by both Haight, and Kolthoff and 
Probst, that trivalent antimony could produce a coupled 
anodic/cathodic wave in 1N.K0H.
The three polarograms which had been published to date 
either revealed gross distortions or were subjected to 
overlapping waves due to excesses of other interfering species.
It was considered that by careful planning it should be 
possible to produce a satisfactory coupled anodic/cathodic 
wave from which reliable data could be extracted.
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C • Experimental Investigations into the polarographic 
characteristics of a Coupled Anodic/Cathodic Wave
This study consisted of an investigation into the 
nature of the coupled anodic/cathodic polarographic 
waves produced by the simplest form of trivalent 
antimony compound which could exist in alkaline media.
1. Introduction
During these investigations all factors which were 
considered to be capable of contributing to errors were 
examined, and where appropriate, methods were developed 
for eliminating or minimising these errors. It was 
hoped by this procedure to produce a coupled anodic/ 
cathodic wave which would be fully amenable to a 
complete multiple-wave analysis.
It was especially desirable to ensure freedom from 
the defects which had been detected in the three 
polarograms of this nature previously studied, and 
which had prevented the current-voltage analyses of 
these waves.
It was also desirable to avoid the discrepancies 
which had been revealed in the analyses of the potential 
-current data for single reduction and oxidation waves 
produced by tri-valent antimony compounds.
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By using a continuously recording polarograph (Fig.18) it 
was hoped to produce polarograms free from many of the 
distortions revealed in the polarograms recorded by 
previous investigators. It was also hoped 
that the use of solutions free from interfering species 
might permit the production of fully-formed polaro- 
graphic waves which would be free from the overlapping 
adjoining waves observed in the Haight polarogram.
The nature of the antimony compounds used by these 
investigators was not reported in any of the three 
previous publications. In order to reduce the 
possibility of interference from other solution 
constituents, and from anion effects in complexation, 
it would clearly be preferable to use the simplest 
form of antimony compound which would permit direct 
preparation of the test solution,'without the aid of 
additional reagents.
Antimony trioxide appeared to meet these require­
ments. The antimony concentrations used by Haight, and
—3Kolthoff and Probst, were reported to be 0.2 x 10 M 
and 1.53 x 10 respectively, and in order to 
simplify subsequent comparisons, the concentrations 
for these investigations were selected within these 
limits.
gig,18,
Recording PolarograpR and Cell System used for studies 
of the coupled anodic-oathodic P 9C. polarographic wave.
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2. RESULTS
(a) General Observations;
It was found that two well-defined coupled waves 
were produced. The wave at the less negative potential 
was anodic in character while the second wave, at a more 
negative potential was cathodic. (Fig. 16 )
Each wave was fully-formed and free from maxima. 
There was no evidence in either wave of any 
interference or distortion of the types ebserved in 
previously reported coupled waves. (Figs. 14,15 and 17) 
It- was accordingly possible to analyse each wave 
in detail and to perform for the first time a complete 
and accurate analysis of a coupled anodic/cathodic 
wave representing polarographic oxidation and reduction 
reactions produced by the simplest trivalent antimony • 
compound formed in alkaline media.
These wave-analyses are reported in the following 
sections;-
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(b) ANODIC WAVE ANALYSIS
(1) Evaluation of the Half-Wave Potential
The anodic wave exhibited an apparent half-wave
potential of approximately -0,17 volts vs. the mercury-
pool reference electrode, the potential of which had
been found to be -0.18 volts against the Saturated
Calomel Electrode.
The corrected half-wave potential for the cathodic
wave against the Saturated Calomel Electrode was
therefore -0.35 volts.
In order to determine the half-wave potential with
the maximum possible degree of accuracy, a current
voltage analysis of the wave was performed. (Table 38)
A graph, prepared from this data for the relationship;
E vs. log was linear, and indicated a true
d.e 1d"1
half-wave potential for the anodic wave of -0.35 volts 
vs. the Saturated Calomel Electrode. (Fig. 19)
Since the overall accuracy of the method had been
4»
considered to be an order not greater than -O.&l volts 
the determined value of the half-wave potential for the 
polargraphic oxidation of the trivalent antimony 
compound formed in a solution containing 0,62mM Sb20^ in
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TABLF 58
DIFFUSION CURRENT STUDIES OF TRI-VALENT 
ANTIMONY COMPOUNDS WHICH ARB FORMED IN SOLUTIONS OF 
Sb^O^ (0.62 x 1 0 IN NORMAL KOH AT 25°C.
ANALYSIS OF ANODIO POLAROGRAPHIC WAVE
Jfglf "h" v h i log i I
V 1 d
vs.
Hg.Pool
(Volts)
vs.
S.C.S.
(Volts)
Chart
(rnra)
Corrected
(mm) (mm)
-0.02 -0*20 3* 0 174 0.00000
-0.04 -0.22 31 18 17| 0.00705 -2.152
-0.06 -0.24 34 14 171 0,01418 -1.82+8
-0.08 -0.26 31 12 171 0.0288 -1.541
-0.10 -0.28 ki 1 i1 4 16# 0.0752 -1.124
-0.12 -0.30 54 2* 15t 0.144 -0.842
-0.1 Lj. -0.32 74 13# 0.312 -0.506
-0.16 -0*34 ioi 7i> 4 10-f 0.683 -0.166
-0.18 -0.36 11 64 1.60 +0.204
-0.20 -0.38 17 13| 44 3,33 +0.522
-0.22 -0.40 19 15# 2# 7,40 +O.87O
-0.24 -0.42 20 I6f 1 — ‘ 8 14.88 +1.173
-0.26 -0.44 20 j 174 38 46,6 +1.668
-0.28 -0,46 21 17| 18 142 +2.152
-0.30 -0.48 21# 174
i
0
iI [
—
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1 K-. KOH could be specified-as:
Ej = -0.35 volts t o . 01' volts vs. S.C.E. at 25°cto .l°C  
2  _________________________________
(ii) Evaluation of the Limiting Diffusion Current (i^)
The anodic wave exhibited a wave-height of 
17-9 -0.1 mm.
Since the polarographic sensitivity which was used 
for this study, provided a chart deflection of 1mm. for 
0.175 micro-amp., the limiting diffusion current was 
evaluated as:
3«12 - 0.02 micro-amp. at 25° - 0«1°C.
1 . j
(iii) Evaluation of the apparent number of electrons (wnw)
per mole of antimony involved in the anodic- 
oxidation reaction.
The value of the reciprocal slope of the log. plot 
was determined from the graph to be 0.059 volts, which 
indicates the presence of a one-electron reversible reaction 
in view of the linearity of the log. plot*
for the anodic wave formedPlot of: vs. log
by STvA, (0.62 x 10~JM) in KOHd.O K.).(^5°C)
10
-i'O
Ev = - Q-3*qWS.C.E -£---------
20
E  J e v» 5  C E V^ oi'Tfi)
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(iv) EVALUATION Off THE DIFFUSION CURRENT CONSTANT ”1”
(a) Introduction
It was considered, that the most 
accurate value for the magnitude of the diffusion 
coefficient could he obtained by using the Stackelberg (61) 
equation:-
1 2  1 . 1 1 1  
id = 607nI)^Cm3tE(l+17l)2m~3tH)
Consequently, the value of the traditional Diffusion
current constant ’’I”, represented bys-
t - J id
1 ~ 7"2 I
Cm3t7
and derived from the Ilkovie equation:-
. 1 2  1 
%  = 607nD2Cm3tU
could not be considered to be independent of the
capillary characteristics, since by combining these
relationships, we obtain:-
1 1 1 1  
I = 607nD£(l+17D2m-5t6) \6)
However since previous investigators had reported
a wide range of values for the diffusion current
’’constant*’ (I), based on the Ilkovic equation, it was
considered to be of interest to compare the diffusion
current ’’constants”,evaluated by equation (6) from our
results, with those values reported in the literature.
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(b) Evaluation of the Capillary Constant at the half­
wave potential.
At the half-wave potential it was found that the 
dropping mercury electrode possessed a mass flow-rate 
(m) of 1.4&5 mg./sec, and a drop-time (t) of 3.96
2 /seconds, yielding a capillary constant of 1.63(7) mg, '3 
1 /secs '6.
(c) Derivation of
Since the trivalent antimony concentration was 0.62 
millimoles per litre, the diffusion current constant ”IfV 
for the anodic reaction was calculated to be :- 3.0#
(v) Evaluation of the Apparent Diffusion Coefficient
(Da) of the Antimony Species producing the Anodic 
Wave.
The Stackelberg equation has been simplified to the
following form, incorporating the diffusion current
n constant(I): —
I/. l/0 -lA 1 A
I = 607 nD 2 (1+17D 2 m 3 t 6)
By substituting the apparent values for I,n,m and t, a
value for Da was derived of
2.1Q x IO~3em2sec~1at 25°+ 0.1°C
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This value was considered to be rather high for a 
species of t r i v a l e n t  antimony in I N .  alkali media and 
the apparent value of unity for rinn was therefore 
considered to be suspect.
This aspect was investigated in conjunction with 
similar cathodic wave phenomena. The results and 
discussions are reported in t h e  n e x t  section.
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c. CATHODIC WAVE ANALYSIS
(i) Evalation of the Half-Wave Potential
The cathodic wave exhibited a half-wave potential
of -0.98 volts vs. the mercury-pool reference electrode,
the potential of wrM c h  had been found to be -0.18
volts against the Saturated Calomel Electrode.
The corrected half-wave potential for the cathodic
wave against the Saturated Calomel Electrode was
therefore -1*16 volts.
In order to determine the half-wave potential
with the maximum possible degree of accuracy, a current
voltage analysis of the wave was performed. (Table 39).
A graph prepared from this data for the
relationships- E, vs. log-- A  was linear, andci. e
indicated a half-wave potential for the cathodic wave 
of -1.16 volts vs. the Saturated Calomel Electrode 
(Eig 20 ).
Since the overall accuracy of this method was
considered to be of an order not greater than 
+0.0| volts, the determined value of the half-wave
potential for the polarographic reduction of the
trivalent antimony compound formed in a solution
containing 0.62. m M. Sb20^ in IN. KOH could be
specified as s-
Ei = -1.16 - 0.01 volts vs. S.C.E. at 25°C - 0.1°c.
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T--.BLi.i39.
DIFFUSION CURRENT STUDIES OF TRI-VALENT ANTIMONY COMPOUNDS 
WHICH ARB FORMED IN SOLUTIONS OF SL^O, (Q^zIO"^) IN '
' NORMAL KOH AT 2l5o0 .
ANALYSIS OF CATHODIC POLAROGRAPHIC WAVS
"3" (
. . . . . . . . . . . . . . . . . f
VI ^  it |
. I
vs. Hg vs. jChart iCorrected h--h i log i
Pool S.C.S. |
.. . . ....i
i CL id -  1 ju - i d
(Volts) (Volts) (mm) (mm) (mm)
-0.62 -1 .00 14 0 254 0 —
-0.84 -1 .02 ■A 3 1 4 1*4 254 0.0099 -2.004
-0.86 -1 ,0i| 2 12 25 0.0200 -1.699
-0.88 -1.06 2i 1 244 0.0408 -1.389
-0.90 -1 .08 3i 2 234 0.085 -1.071
-0.92 -1.10 H 3J 211 0.1725 -0.763
-0.94 -1.12 8 6i 19 0.3420 -0.466
-0.96 -1 .14 11 9i 16 0.5940 -0.226
-0.98 -1 .16 144 13 124 1.038 +0.160
-1.00 -1.18 18 164 9 1.835 +0.264
-1.02 -1 ,20 21 194 6 3.250 +0.512
-1 .Oil -1.22 23i 21 § 31 5.800 +0.763
-1.06 -1 • 2i| 244 23 24 9.20 +0.964
-1.08 -1 .26 254 2i| i4 16,0 +1.204
-1.10 -1 .28 26 244 1 24.5 +1.389
-1.12 -1 .30 26i 23 12. 50.0 +1.699
-1 -12+ -1.32 261 25 i 1z 101 .0 +2.00“t
-1.16 -1.34 27 254 0
!I
Plot of: B, . v«s. loe* — ~  a*e. °i for the cathodio wave formed 
by Sb„0; (0.62 x 10~3M) in K0H(1.0 N.)-(2K°r:fr
iO
Ei= -H60V s^.SCe; “2------
 1 o
Jsj.t vs 5.C.E (Votta.)
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The order of reproducibility of; this ■ potential was
confirmed by additional experimentalinvestigations,
Typical results are given in Table40 ,and, from the graph
of the relationships- E- vs, log ■.1 -r
ae* d
a value was deduced for the half-wave potential vs* the
Saturated Calomel Electrode, of -1*16 volts, which was 
identical with the value initially determined*
(ii) Evaluation of the Limiting Diffusion Current
The cathodic wave exhibited a wave height of 
25.5+ 0,1mm*
Since the polarographic sensivity used for this 
study provided a chart deflection of 1mm. for 0.175 
micro-amp; the limiting diffusion current was evaluated 
as
4*46 ~ 0.02 micro-amp, at 25° ~ 0.1°C
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TABL3 40
DIFFUSION CURRENT STUDIES OF THE TRI-VALENT ANTIMONY 
COMPOUND WHICH IS FORMED IN A SOLUTION OF 
SUcO, (0.62x 10~^M) IN NORMAL KOH AT 25°C. 
ANALYSIS OF CATHODIC POLAROGRAPHIC VJAVE
VOLTAGE mvs--HEIGHT ild-h i Log iti-i?
^de
t? ”h!f 1,-1 V 1
vs. Hg 
Pool
V S  .
S,C.E.
Chart Corrected
(Volts) (Volts) (mm) (mm) (mm)
-0.82 -1 .00 * 2 0 254 0 — .
-0.84 -1 .02 11 1 4 14 2H 0.0099 -2.004
-0.86 -1.04 1 '8 38 o f :.1£- O 0.0149 -1,827
-0.88 -1.06 2i
3
4 24f 0.0303 - 1 c 5 1 9
-0.90 -1 .08 3 1 4 24 0.0625 - 1 .204
' -0.92 -1 .10 54 <lL 214 0.186 -0.730
-0.94 -1.12 8 b4 19 0,342 -0.466
-0.96 -1.14 12 104 15 0.700 -0.155
-0.98 - 1 . 1 6 15 134 12 1.125 +0.051
o0
 •
T
*1 -1,18 18 1 6 4 9 10835 +0.264
-1 .02 -1 .20 21 194 6 3c25 +0.512
-1.04 -1 .22 23 22 -Z_lJ-2. 6.29 +0.799
—1 o 06 -1.24 244 23 oi — 2 9.20 +0.964COo»! -1 .26 254 24 1 16.0 +1.204
- 1  . 1 0 -1 .28 26 2ki 1 24.5 +1.389
-1.12 -1 .30 264 25 12 50.0 +1.699
-1,1i+ -1.32 26f 25 i 1_4 101 .0 +2.004
- 1 . 1 6 -1,34 27 25i 0
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(iii) Evaluation of the apparent number of electrons 
(}tnH) per mole of antimony involved in the cathodic
reduction reaction
Prom the graph of the relationship;-
E, vs. log rr the cathodic component ofcte. —
the coupled wave, a value was determined for the 
reciprocal slope of 0.080 Volts.
It appeared that if the reduction, 
was reversible, the number of electrons transferred per 
mole of antimony was less than one. By extrapolation it 
could be calculated that the value for the reciprocal 
slope was equivalent to a transfer of three electrons 
during a reversible reduction of four moles of antimony.
A search of the literature had revealed that, of 
the twelve previous papers on the polarographic reduction 
of the compounds formed in alkaline solutions of 
trivalent antimony, only one author, Haight, had reported 
a value for the reciprocal slope of the wave. His value 
of 0.076 volts agreed very well with our observed values 
0.080 Volts*
Although Haight had noted that the value for the 
reciprocal sloioe was nearly four times the value expected
-29Q-
for a reversible three-electron reduction process, no 
explanation had been offered for the phenomenon.
(iv) Evaluation of the Diffusion Current nConstanti? (i)
(a) Derivation of the Capillary Constant at the half-wave
potential
At the half-wave potential it was found that the 
dropping mercury electrode possessed a mass flow-rate. 
(um?{) of 1*513 mg/sec? and a drop-time (S!tn) of 3*22 
seconds, yielding a capillary constant of 1*60(0) mg2/3 
secs^/6.
(b) Derivation of nIn
Since the trivalent antimony concentration was 0*62 
millimoles per litre, the diffusion current !?constant?t 
nIn for the cathodic reaction was calculated to be U*50.
(v) Evaluation of the Apparent Diffusion Coefficient (De)
of the Antimony species-producing: the Cathodic wave,
According to the Stackelberg equation;- 
ia = 607nD1/2Cm2/3tV6(1+.t7DV 2 m-',/3t't/6)
Since the diffusion current constant !fI5f had been 
previously determined, it v/as simpler to use a
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modified form of the Stackslberg eo.'uation: - 
I = SOTrLD^/^Ci + I T D ^ m ^ V d t V S )
By substituting the apparent values for I, n, m 
and t, an apparent value for Dc was derived of
7*H9 x 1Q~~^  cm? sec7^ at 25° ^ 0*1 °C 
This value was considered to be approximately one 
order larger than the value expected for the diffusion 
coefficient of a trivalent antimony species in 1N. alkali
solution, and the apparent value of 0«75 for "n" per mole
of antimony was therefore considered to be suspect.
This aspect is considered in more detail in the 
next section.
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(d) COUPLED AUQDIC/CATHQDIC WAVE. ANALYSIS
(i) Degree of Separation of the Half-wave Potentials
for the coupled Anodic/Oathodic Wave.
The half-wave potentials of the two individual 
waves forming the coupled anodic/cathodic wave had 
been found to have the following valuess-
Anod ic Wave t- 0.35/ -.0.01 volts vs. S.C.E, at 25° ^ 0.1° C. 
Cathodic Waves- 1.16 -0.01 volts vs. S.C.E, at 25° - 0.1° C.
The degree of separation of these half-wave
potentials was therefore s-
0.81 i  0.02- volts at 25° -  0 .1° 0.
(ii) Ratio of the apparent numbers of electrons
transferred during the reduction and oxidation 
reactions.
Consideration of the reciprocal slopes of the 
graphs of the relationships-
Ej vs. logd.e. °
for the oxidation and reduction waves, had. indicated 
that, if the reactions were reversible, the numbers of 
electrons transferred would be equivalent per mole of 
antimony, to 1 and 3/4 respectively.
How it.had already been shown that the apparent
diffusion coefficients calculated from these nn" 
values were larger than the values expected for a 
species containing trivalent antimony formed in 
IF. alkali solution. Consequently, before attempting 
to develop equations for the reactions occurring at 
the electrodes, it would be necessary to seek 
confirmatory evidence of the validity of these 
apparent Mn” va.lues.
(iii) Consideration of a possible relationship between 
the numbers of electrons transferred in each reaction 
and the respective diffusion currents.
Since the magnitudes of the diffusion currents 
have been generally considered to be governed by the 
Ilkovic equations-
the conception has prevailed that the diffusion currents 
of anodic and cathodic waves can be directly related 
to the respective nn!f values by the following 
equations-
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(iv) Consideration of possible sources of error in this 
relationship
A number of possible sources of error are involved 
in this relationship, since it implies that:-
(a) the capillary constants fnr the an°dic and
cathodic waves are equal.
(b) both reactions are reversible,
(c) both reactions are diffusion controlled,
either by the diffusion of the same species,
or by the diffusion of species having the
same diffusion coefficients,
(d) both, reactions conform to the Ilkovic equation.
The magnitudes °f the errors involved by each of 
these assumptions are considered in the following sections.
a• Apparent equality of the anodic and cathodic
capillary constants.
We have found that the capillary constants at the 
half-wave potentials of these two waves were not identical 
being 1,63(7) m g . " s e c . f o r  the anodic wave, and 
1.60(0) ms, 3sec^^ for the cathodic wave, so that the 
diffusion currents recorded for the anodic and cathodic 
reactions were not strictly comparable,
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b. Apparent Reversibility of both reactions
It is generally considered that no pclsr^raphic 
electrode reaction is completely reversible in the 
polarographic sense, although the reduction of such 
metals as cadmium and lead are reported to approach very 
closely to full reversibility.
Conseauently in view of the variable nature of this 
reversibility factor, it would be desirable to show that 
the Influence of the reversibility factors °n the 
diffusion current rati° was negligible, 
c. Apparent diffusion control of each reaction, either 
by diffusion of the same species, °r by the diffusion of 
different species, having the same diffusion 
coefficients.
For the solutions being studied, it seemed 
reasonable to assume, in the absence of evidence to the 
contrary, that the electrode reactions producing the 
anodic and cathodic waves might both be controlled by 
the rate of diffusion of a single antimony species 
towards the electrode surface.
-296-
d Apparent Conformity of Diffusion Currents with the
Ilktvic Equation 
Stackelberg has considered that the most exact 
calculation of the improved Ilkovic equation had been 
given by Koutecky(62)as follows;-
id = 607nCD V a m ^ t V f i d  + 3'+D1/2ni^ t V j  ) .
The factor 3U- has been considered to be correct 
when the drop is growing in a solution of concentration
i  /
C. '
However Stackelberg considered that there was a 
diminution of the concentration at the capillary caused 
by the reduction of the depolariser at the preceding 
drop.
Although it was considered to be impossible to 
calculate this "depletion11 effect, an empirical 
statement indicated that the current was approximately 
5% lower as a result of this effect.
Staclfelberg had therefore proposed the introduction 
of an allowance for this effect by replacing the factor 
of 3*f by a value of 17. Consequently the Stackelberg 
equation had the form;-
id = 607nD 1/2Cm2/3t1/6(l + 17D1/2m~1^ t1/6 )
If this equation is considered to he valid then 
the ratio of the diffusion currents can only be related 
directly to the ratio of the "n" values by introducing 
the term in brackets appropriate to each reaction,
(v) Evalution and Compensation for errors.
By introducing the Stackelberg equation, the 
following relationships would apply;-
idc = 607nc>Do1/2.c.mc2/3tc1/6. (1 + l7Dc1/2,mc1/3t01/6) 
ida 6°7na.»a /2-C.ma X3ta 76. (1 + 17Da ^ 2 . m /6)
X 1 X
0R ~  = n°- °C /2' (1 * 17D° /2'm°: 0 /6) (7)
Ia na. Da ^2. (i + l7Da dj)
By assuming that the reactions are controlled by 
diffusion of a single antimony species, we may consider 
that the values of Da and Dc do not materially differ.
Equation ( 7 ) can therefore be simplified to the
following form;-
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£c a nc (1 + 1?d1/2- ~^c1/3.tc1/6)
I a  , n a  ( 1  +  l T D 1 ^ .  m a 1 / 3. t a 1 / 6)
Now in the correction factor ,suggested by Stackelberg, 
1 1 1
(1 + 17D /2m /3«t /6) for the anodic and cathodic
waves, the term m /3t ^6 has been shown to vary in
magnitude from 18.0 to 18.7, i.e by approximately 4
The ratio of the correction factors would consequently 
vary by less than 0.*+$.
Since the possible ratios of the numbers of 
electrons involved in the anodic and cathodic reactions 
would be expected to differ by at least 20$, it would 
be expected that the assumption of unity for the ratio 
of the correction factors would not materially affect 
the interpretation of the values derived for the 
ratios of numbers of electrons involved.
Consequently, equation ( 8 ) can be further 
simplified to the forms-
Ie nc (9)
^a na
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(vi) Evaluation and Interpretation of the possible 
Relationship between the ratio of the numbers of 
electrons transferred and the ratio of the respective 
diffusion current constants.
By substituting the determined values for the 
diffusion current constants in equation (9 ), we obtain
the following ratio of the numbers of electrons 
transferred in the cathodic and anodic reactions2-
So ]ti50 3
ds —
%  3•08  2
However, it has been found that the apparent values 
for the numbers of electrons transferred in each case, 
derived from the reciprocal slopes of the respective 
graphs of the relationships -
i
provided the following ratio for the nn” valuess-
3c _ _
na ~ ^
These ratios differ by a factor of 100$. However, 
since it has been concluded that the. known errors in 
the evaluation of equation ( 9 ) are unlikely to 
produce a net error of even 20%, it would appear more
probable that the magnitude of one or both of the 
reciprocal slopes, from which equation ( 9 ) was 
derived, was not applicable to the tabulated values of 
lfnM for reversible reactions.
It would therefore be necessary to investigate the 
degree of reversibility of the reduction and oxidation 
reactions producing the coupled anodic/cathodic wave.
Although BayerleO.)Heyrovsky^5)and Loveland andElving 
( £6 ),had suggested from the general appearance of 
the waves that the reduction reaction might be 
irreversible, no explanations for such irreversibility 
had been offered.
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(vii) Polarographic "Irreversibility Factors
It is considered that a simple derived factor 
representing the apparent degree of departure of 
polarographic reactions from true reversibility would 
simplify comparisons of experimental data obtained from 
different sources, and the interpretation of reversibility 
phenomena.
A suitable '’’irreversibility factor” could be 
defined as the ratio of the magnitudes of dependent linear para­
meters for the reactions studied and for equivalent 
reversible reactions.
This ”irreversibility factor” was found to be of 
considerable value in permitting initial comparisons 
of relevent experimental data on reversibilities, and 
was used throughout these studies with some measure of 
success.
An ’irreversibility factor” for the P.O. 
polarographic waves is evaluated below*
Evaluation of the ”irreversibility factor” for the D.C 
Polarographic waves.
The recorded value of the reciprocal slope of the t)-.C. 
wavo for the anodic reaction was 0.059 volts, 
equivalent to a l~electron reduction.
Assuming the validity of the experimental evidence in 
support of the supposition that the ratio of the numbers 
of electrons involved in the two reactions is 3s2, then 
the reciprocal slope of the B.C. wave for the cathodic 
reaction would have been expected to be two-thirds of
0.059 volts, or 0.040 volts equivalent to 1.5 electrons 
per mole of antimony.
The recorded value for the reciprocal’slope however 
was 0,0.80,' equivalent to 0.75 electrons per mole of 
antimony. From these investigations it could therefore 
be concluded that the second wave exhibited a departure 
from true reversibility, measured by a B.C.
’’irreversibility factor” of 0.50,
(viii) Begrees of Irreversibility.
‘Barker has distinguished, by definition, between 
reactions which can be classified ass
(1) Slightly Irreversible
(2) Semi - Irreversible
(3) Totally Irreversible
(1) Slightly Irreversible
The condition of of” slight irreversibility” was 
satisfied when the variation with potential of the mean 
concentration of the reacting species at the electrode 
surface was not appreciably affected by the- irreversibility.
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(2) Semi-Irreversible,
The condition of semi-irreversibility was satisfied 
when the electrode process still made a contribution to 
the wave, but the variation with potential of the mean 
concentration of reactant at the electrode surface, 
was influenced by the irreversibility.
(n) Consideration of Further Studies of the Degree
of Irreversibility of the Reactions -producing: the coupled 
Anodic/Cathodic Wave for Trivalent Antimony in Alkaline
Media.
It was known that reversible and irreversible electrode 
reactions could be distinguished with the aid of A.C# 
polarography.
A number of forms of A.C. polarography had been 
developed, some of which were considered to be applicable 
to these studies of the degree of reversibility of the 
reactions producing the coupled anodic/cathodic wave 
for tri-valent antimony in alkaline media.
These A.C. polarographic techniques had been 
incorporated in standard instruments to which access was 
obtained for the purpose of performing these reversibility 
tests.
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The A.C. polarographs could be conveniently 
classified , according to the nature of the alternating 
component which was superimposed on the low-voltage 
direct current, as follows:-
1. Sinusoidal Alternating Current;-Oscillographic lolaroscopy. j
i
2# Sinusoidal Alternating Yoltagei-Phase-Selective Polarography; 
3* Square-Wave Alternating Voltage -i ^ -Continuous1 System.
These methods will be described separately in the 
following sections,together with the experimental 
procedures adopted for these studies.
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SECTION 3.
Experimental
Part Y .
A study of the reversibility of the coupled anodic- 
cathodic polarographic wave for tri-valent antimony in 
Normal alkali medium, with the aid of the -sinusoidal.
alternating-current technique-’Oscillographic Polaroscopy*.
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a .  P R I N C I P L E S  O F  I R R E V E R S I B I L I T Y  S T U D I E S  B Y  S I N U S O I D A L
A L T E R N A T I N G - C U R R E N T  P O L A R O G R A P H Y  W I T H  O S C I L L O G R A P H I C  
D I S P L A Y .
( i )  V o l t a g e  -  T i m e  T r a c e .
H e y r o v s k y  h a d  d i s c o v e r e d  d u r i n g  i n v e s t i g a t i o n s  i n t o  
o s c i l l o g r a p h i c  p o l a r o g r a p h y  t h a t  a  v o l t a g e  -  t i m e  t r a c e  
c o u l d  h e  p r o d u c e d  b y  p a s s i n g  a  c o n s t a n t  c u r r e n t  t h r o u g h  a  
d r o p p i n g  m e r c u r y  e l e c t r o d e  a n d  c e l l  s y s t e m  c o n t a i n i n g  a  
s u p p o r t i n g  e l e c t r o l y t e .
B y  p a s s i n g  a n  a l t e r n a t i n g  c u r r e n t  o f  m a i n s  f r e q u e n c y  
( 50. c . p . s . )  f r o m  a  3 0 0  v o l t  p o w e r  s u p p l y  h a v i n g  a  h i g h  
i n t e r n a l  r e s i s t a n c e ,  i t  w a s  f o u n d  t h a t  t h e  d o u b l e - l a y e r  
a t  t h e  s u r f a c e  o f  t h e  p o l a r i s a b l e - e l e c t r o d e  b e c a m e  c h a r g e d -  
d u r i n g  t h e  h a l f - c y c l e  i n  w h i c h  t h e  p o t e n t i a l  o f  t h e  d r o p  
i n c r e a s e d  f r o m  z e r o  t o  - 2  v o l t s , a n d  w a s  d i s c h a r g e d  d u r i n g  
t h e  s e c o n d  h a l f - c y c l e  i n  w h i c h  t h e  p o t e n t i a l  r e t u r n e d  t o  
z e r o  v o l t s .  '
W h e n  a  p o l a r o g r a p h i c a l l y  a c t i v e  s p e c i e s  w a s  p r e s e n t  
i n  t h e  s u p p o r t i n g  e l e c t r o l y t e ,  t h e  v o l t a g e - t i m e  c u r v e  
s h o w e d  a  t i m e - d i s p l a c e m e n t  d u r i n g  e a c h  o f  t h e  t w o  p h a s e s ,  
r e p r e s e n t i n g  c o n s e c u t i v e  r e d u c t i o n  a n d  o x i d a t i o n  e l e c t r o d e  
p r o c e s s e s  r e s p e c t i v e l y .
I f  t h e  r e a c t i o n  w a s  r e v e r s i b l e ,  t h e n  t h e  t i m e -  
d i s p l a c e m e n t s  o f  t h e  v o l t a g e - t i m e  t r a c e  w e r e  e q u a l  i n  
m a g n i t u d e ,  a n d  s i t u a t e d  a t  t h e  s a m e  d i s t a n c e  f r o m  t h e  z e r o
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v o l t a g e  a x i s .  T h e  v o l t a g e - t i m e  t r a c e  w a s  t h e r e f o r e  
s y m m e t r i c a l .
I f  t h e  r e a c t i o n  w a s  i r r e v e r s i b l e  h o w e v e r ,  t h e  a n o d i c  
t i m e - d i s p l a c e m e n t  o c c u r r e d  a t  a  t i m e  s u b s e q u e n t  t o  t h a t  
o f  a  d i s p l a c e m e n t  f o r  a  r e v e r s i b l e  r e a c t i o n .  I t s  
m a g n i t u d e  c o u l d  a l s o  d e c r e a s e .  I n  s o m e  c a s e s  t h e  a n o d i c  
t i m e - d i s p l a c e m e n t  d i d  n o t  o c c u r .
T h e  l a c k  o f  s y m m e t r y  s h o w n  b y  t h e  r e s u l t i n g  v o l t a g e ­
t i m e  t r a c e  w a s  t h e r e f o r e  a  u s e f u l  a n d  r a p i d  i n d i c a t i o n  
o f  t h e  n o n - r e v e r s i b i l i t y  o f  t h e  e l e c t r o d e  r e a c t i o n ,  a n d  
t h e  e x t e n t  o f  t h e  t i m e - l a g  o r  d i s t o r t i o n  w a s  a l s o  a  
m e a s u r e  o f  t h e  d e g r e e  o f  n o n - r e v e r s i b i l i t y  o f  t h e  r e a c t i o n .
( i i )  D e r i v a t i v e  " V o l t a g e  /  T i m e ” v s .  T i m e ,  T r a c e ,
T h e s e  t i m e - d i s p l a c e m e n t s  w e r e  f o u n d  t o  b e  m o r e  e a s i l y  
r e c o g n i s e d  a n d  m e a s u r e d  i f  t h e  o s c i l l o g r a p h i c  t r a c e  
c o n s i s t e d  o f  t h e  d e r i v a t i v e  r e l a t i o n s h i p s  -
v s .  t ,
d t
I n  t h i s  t r a c e ,  t h e  a n o d i c  p h a s e  w a s  i n v e r t e d ,  a n d  
t h e  t i m e - d i s p l a e e m e n t s  a p p e a r e d  a s  d i s c r e t e  v a l l e y s ,  
t h e r e b y  i m p r o v i n g  t h e  s e n s i t i v i t y  a n d  r e s o l u t i o n  o b t a i n a b l e  
b y  t h i s  m e t h o d .
( i i i )  D e r i v a t i v e  " V o l t a g e  /  T i m e "  v s .  V o l t a g e ,  T r a c e .
A  f u r t h e r  i m p r o v e m e n t  w a s  a c h i e v e d  b y  p r e s e n t i n g  t h e
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t r a c e  o f  t h e  r e l a t i o n s h i p  —  a g a i n s t  a  v o l t a g e  b a s e ,  i n
d t
p l a c e  o f  a  t i m e  " b a s e .
T h e  r e s u l t i n g  t r a c e  f o r  a  s u p p o r t i n g  e l e c t r o l y t e  w a s  
o f  e l l i p t i c a l  s h a p e ,  w i t h  i t s  m a j o r  a x i s ,  r e p r e s e n t i n g  
v o l t a g e ,  i n  a  h o r i z o n t a l  d i r e c t i o n .
T h e  p r e s e n c e  o f  p o l a r o g r a p h i c a l l y  a c t i v e  s p e c i e s  w a s  
r e c o g n i s e d  b y  t h e  f o r m a t i o n  o f  i n c i s i o n s  i n  t h e  e l l i p t i c a l  
t r a c e *
T h e  u p p e r  h a l f  o f  t h e  t r a c e  r e p r e s e n t e d  t h e  p r o g r e s s  
o f  c a t h o d i c  p r o c e s s e s  w h i l e  t h e  l o w e r  h a l f  r e p r e s e n t e d  t h e  
a n o d i c  p r o c e s s e s .
T h e  a r e a  o f  e a c h  i n c i s i o n  w a s  a  f u n c t i o n  o f  t h e  
c o n c e n t r a t i o n s  o f  t h e  p o l a r o g r a p h i c a l l y  a c t i v e  s p e c i e s ,  
w h i l e  t h e  p o s i t i o n s  o f  t h e  i n c i s i o n s  o n  t h e  v o l t a g e  a x i s  
i n d i c a t e d  t h e  r e a c t i o n  p o t e n t i a l s ,  w h i c h  w e r e
j - r r
c h a r a c t e r i s t i c  o f  t h e  -t t - v s . V. t r a c e .  T h e s e  c h a r a c t e r i s t i cd t
p o t e n t i a l s  a r e  u s u a l l y  v e r y  c l o s e  t o  t h e  v a l u e s  o f  t h e  
n o r m a l  h a l f - w a v e  p o t e n t i a l s  m e a s u r e d  b y  D . C .  P o l a r o g r a p h y .
T h e  d e g r e e  o f  r e v e r s i b i l i t y  o f  t h e  e l e c t r o d e  p r o c e s s e s  
i s  m e a s u r e d  o n  t h i s  f o r m  o f  t r a c e  b y  t h e  d e g r e e  o f  a p p r o a c h  
o f  t h e  c h a r a c t e r i s t i c  p o t e n t i a l s  f o r  t h e  c a t h o d i c  a n d  a n o d i c  
i n c i s i o n s .
I f  t h e  t w o  i n c i s i o n s  o c c u r  a t  t h e  s a m e  p o t e n t i a l ,  t h e n  
t h e  p r o c e s s  c a n  b e  c o n s i d e r e d  t o  b e  r e v e r s i b l e .
I f  t h e i r  c h a r a c t e r i s t i c  p o t e n t i a l s  a r e  s e p a r a t e d ,  o r
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i f  o n l y  o n e  i n c i s i o n  i s  f o r m e d ,  t h e n  t h e  e l e c t r o d e  p r o c e s s e s  
a r e  i r r e v e r s i b l e .
b . E v a l u a t i o n  o f  c h a r a c t e r i s t i c  p o t e n t i a l s  ( S  )
"r " o
V a l u e s  f o r  t h e  l i m i t i n g  p o t e n t i a l s ,  V ^  a n d  V ^ ,  
r e p r e s e n t e d  b y  t h e  e x t r e m i t i e s  o f  t h e  m a j o r  ( h o r i z o n t a l )  
a x i s  o f  t h e  d D L i p t i c a l  t r a c e ,  h a v e  b e e n  t a b u l a t e d  f o r  m a n y  
s u p p o r t i n g  e l e c t r o l y t e s .
T h e  a x i s  V ^ , V ^ ,  c a n  b e  d i r e c t l y  c a l i b r a t e d  i n  v o l t s  
v s .  t h e  s t a n d a r d  r e f e r e n c e  e l e c t r o d e .  T h e  c h a r a c t e r i s t i c  
p o t e n t i a l s  o f  p o l a r o g r a p h i c  w a v e s  c a n  t h e n  b e  d e t e r m i n e d  
b y  p r o j e c t i n g  t h e  a p e x e s  o f  t h e  r e s p e c t i v e  i n c i s i o n s  o n  
t o  t h e  V ^ , V  , a x i s .
E v a l u a t i o n  c a n  b e  s i m p l i f i e d  h o w e v e r  b y  d e r i v i n g  t h e  
v a l u e s  f o r  t h e  r e l a t i o n s h i p s  -
( E 0 ) =  V 1 +  Q d V
w h e r e  d V  =  V ^  - V ^
a n d  Q  =  j
w h e r e  Ml ,f i s  t h e  l e n g t h  i n  c e n t i m e t r e s ,  o r  o t h e r  c o n v e n i e n t
u n i t s ,  o f  t h e  v o l t a g e  a x i s  V ^ , V g |  a n d  X  i s  t h e  d i s t a n c e
f r o m  V ^  o f  t h e  p r o j e c t i o n  o n  t h e  a x i s  o f  t h e  i n c i s i o n  a p e x .
T h e  c a l i b r a t i o n  o f  t h e  , V ^ ,  a x i s  c a n  b e  r e a d i l y  
c h e c k e d  b y  t h e  a d d i t i o n  t o  t h e  t e s t  s o l u t i o n  o f  s u i t a b l e  
p o t e n t i a l - m a r k i n g  a g e n t s  s u c h  a s  l e a d ,  t h a l l i u m  o r  z i n c  
s a l t s .
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(a) Experimental Procedure.
The cell and electrode system was similar to that 
used for the previous D.C. polarographic studies. In 
order to ensure a reproducible drop-time, a mechanical 
beater was fitted to the dropping mercury electrode 
capillary. The beater also contained a switch which 
ensured that the polarising potential was only applied 
during the short period of time elapsing prior to the fall 
of the drop, i.e. when the drop surface area is large and 
increasing at a very slow rate. By this system it was 
possible to avoid the incidence of a high current - 
density at the surface of the drop when its surface area 
was small.
Each solution was deoxygenated prior to testing, by 
the passage of nitrogen for 15 minutes. During these 
tests it was found that the instrument performed equally 
well when the mercury poQl reference electrode was 
replaced by an external S.G.E.
Both systems were therefore adopted for the final 
tests in order to simplify the process of evaluating, from 
the recorded polarograms, the characteristic potentials 
for each of the incisions.
In setting-up the polarograph for determining the 
reversibility of the reactions producing the D.C. anodic/ 
cathodic coupled wave, it was necessary to initially 
provide a suitable intensity of the polarising alternating
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current and of the low voltage D.G. component.
r\
As soon as the trace, of versus V, became clearly 
visible on the screen, suitable adjustments to the size, 
brightness and sharpness of the trace were made in order 
to permit accurate measurements of the depths of the 
incisions, and of the positions of the incisions on the 
potential axis.(Fig.21)
Photographic records were obtained of the polarograms 
produced by the supporting electrolyte alone, and when 
containing a number of different concentrations of 
trivalent antimony(Figs. 22-25}.
Fig. 21.
Polarographic oscilloscope used for reversibility studies 
of coupled anodic-cathodic A.C. polarographic waves.
Sinusoidal A.C. Reversibility Studies of coupled
anodic-cathodic waves for tri-valent antimony.
Fig, 22; KOH (1,0 N.)
Fig. 23: Sb203(0.62 x 10_3M.) in KOH (l.O H.)
Sinusoidal A.C. Reversibility Studies of coupled
anodic-cathodic waves for tri-valent antimony.
Fig. 25: Sb203$gl.g4 x 10~5M.) in KOH (1.0 M.)
Fig. 24: Sb^CO.Sig x 10~5M.)
in KOH (1.0 N.)
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(b) Results
(i) Supporting Electrolyte
The polarogram recorded with IN, potassium hydroxide 
(Fig*-22) displayed a very small single incision (C,l*) at 
the crown of the cathodic branch and a second, more- 
pronounced, incision (A,3.) near the positive end of the 
anodic branch.
The characteristic potentials of these incisions 
indicated the probability that these reactions were associated 
with*the presence of lead as an impurity in the supporting 
electrolyte.
This explanation was confirmed by the development of 
these incisions when lead salts were added to the supporting 
electrolyte,
(ii) Solution containing 0,62 mM, Antimony in IN* 
Potassium Hydroxide.
dV
(a) General appearance of dt vs. V traces.
The polarogram recorded for this test solution (Fig23 ) 
displayed a single major incision (C,2,) in the cathodic 
branch, on the negative side of the crown*
Another major incision (A,l.) of similar depth, was 
observed on the anodic branch near the positive extremity.
Two further incisions (A.,2, ;A,*k ) on this anodic branch 
were visible between the crown and the major anodic incision 
and situated on either side of the lead impurity incision (A,3),
-313-
These four antimony incisions were identified "by 
tests on solutions containing larger quantities of 
antimony, when these four incisions were found to 
increase in depth. (Pigs.24 and 25).
(0) Polarographic Incision Analysis.
1. Extraction of Characteristic Potential Data 
The tabulated values of ahd in Normal 
Potassium Hydroxide were -0.08 and -1.92 volts respect­
ively, vs. the Saturated Calomel Electrode,
The voltage spread of l.Sh volts was distributed 
throughout a measured voltage-axis of length 8.0 +0.2cm, 
giving an incremental voltage calibration of 0.23 volts/cm. 
on the screen of the Cathode-Ray Tube.
In Figures (22 ) and (23 ), the polarograms were 
reduced in size during photographic recording, resulting 
in the measured voltage-axis being reduced to a length 
of 5.0+0.2cm., giving an incremental voltage * 
calibration of 0.37 volts/cm.on the photographic records.
These calibrations were checked by the addition of 
potential'markers, consisting of solutions of lead, 
thallium and zinc in normal altali solution.
The data produced by analysis'of the resulting 
polarograms is assembled in Table (41 ):-
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,1 ABLEi — 41.»
MRgjtoNTAL RESULTS OF SINUSOIDAL ALTERNATING-CURRENT 
PQLjmOaRAPHIC STUDIES OF TRI-VALENT ANTIMONY COMPOUNDS
IN NORMAL ALKALI
SPECIES
REACT
oH SCR
PA
EEN
IA RECODEDDATA
TYPE INCISION "x"(cm)
nh}!
(mm)
"x"
(cm) (mm)
Antimony Cathodic C2 5*0 3 3.3 3
TPig* )
Anodic A1 0,7 - 0,6 3
A2 1.4 4 0,9 2.5
• Aij. 3,1 - 1.9 1.5
Lead Cathodic Cl 2,8 ~ 2.2 -
Anodic A3 — 1.3 -
POTENTIAL ICAREERS
Lead Cathodic Cl - - 2,1 -
Anodic A3 - . - 1.4 -
Thallium Cathodic cf 1.7 _ « _
Z iho Cathodic C 6.3z
RESULTS OP THE DETERMINATION OP THE CHARACTERISTIC
POTENTIALS FOR TRIVALENT ANTIMONY IN NORMAL ALKALI
BY SINUSOIDAL ALTERNATING-CURRENT POLAROGRAPHY.
REACTION x_ 1 QodvTj E _ c E i  1
SPECIES .TYPE IUCISIOE
m .
(cm.] J(Volts)}!
vs.
S 0C0E.
(25’-0.1C) 
(Volts)
vs? S
( s s ^ o . ^ c )
(Volts) \
Antimony
TPi
Cathodic C2.
C2.
5.0(a)
3.3(h)
8
5
1.1
1.2
-1.2
-1.3
-1.16. j
Anodic Alp 0.7(a) 8 0.16 -0.2L}. j
Al. 0.6(h) 5
CMCM*O -0.30
A2. l.i+( a) 8 0.32 -0.40 -0.35
A2. 0.9(h) 5 0.33 -0.2+1
Ak. 3.1(a) 8 0.71 -0.79 -
•-d<1 1.9(h) 5 0.70 -0.78
Lead
iSpurity
Cathedic Cl.
Cl.
2.8(a)
2.2(h)
8
5
O.6I1.
0.81
-0.72
-0.89
-0.75(1)
Anodic A3. 1.3(h) 5 0.2-5 -O.53 -
POTENTXAI 
MARKERS
Xi&ad Cathodic Cl. 2.1(h) 5 -0.78 -0.8 6 -
Anodic A3. l.U(h) 5 -0.52 -0,60
Thallium Cathodic - 1.7(a) 8 -0.39 -0.1+7 -0„U5(1)
zinh. Cathodic - 6.5(a) 8 -1.5 -1.6 -1.65(1)
-- --- ---- ,-- -
NQIEjl (a) Screen.
(b) Photographic Recording.
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It was noted that the characteristic potentials (Table 42) 
of the cathodic antimony incision (C,2.), and of the 
second anodic antimony incision (a,2.), (-1,2 and -0.40 
volts respectively) were very close to the values for 
the cathodic and anodic half-wave potentials for 
trivalent antimony in normal potassium hydroxide 
(-1.16 and -0.3f> volts) which had been obtained by 
normal D.C. polarography.
2. Extraction of Characteristic Current Data;
Since the areas of the incisions, if small, are 
approximately proportional to the quantity of electricity 
passed, in coulombs, during the depolarisation of the 
dropping mercury electrode, these areas may be considered 
to be equivalent to the values of the limiting diffusion 
currents in D.C. Polarography.
Consequently, if incisions C,2, and A,2.* were 
caused by the same reactions which produced the coupled 
anodic/cathodic wave in D.C. polarography, then the 
ratio of the areas of the incisions should be similar 
in magnitude to the value of 1.5 already found for the 
ratio of the limiting diffusion currents for the coupled 
anodic/cathodic D.C. waves. Approximate values for linear 
functions of the areas of these incisions have therefore 
been determined from the measured incision depths. (Table43)
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A number of relevant incision area-function ratios 
have been evaluated and these values are shown, with the 
respective half-wave and characteristic potentials, 
in Table (44)
TABLE;- 42
IliCISJ„QH,ABEA-FUNCTIONS FOR TRIVALENT ANTIMONY IN NORMAL 
ALKALI OBTAINED BY SINUSOIDAL ALTERNATING—CURRENT
POLAROGRAPHY 0
REACTION h fA
TYPE INCISIONm . S(Volt"sf°
(mm) (mm)2
Cathodic 02 -1.16 (a) 5 (c) 25
02 -1.16 (a) 3 (a) . 9
Anodic A1 -0.2N (b) 3 (a) 9
A2 -0.35 (a) N (c) 16
A2 -0.3-5 (a) 2i (a) 6
AN -0.79 (b) ii (d) 24
D.C. Half-Wave Potentials* 
Sinusoidal A.C. Peak Potentials. 
Screen-display.
Photo-recording.
Notes;- (a)
(b)(c)
(d)
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TABLE g ~ 44
INCISION AREA FUNCTION RATIOS FOR TRIVALENT ANTIMONY 
OBTAINED BY SINUSOIDAL ALTERNATINO-CURRENT PQLAROG-RAPHY.
incib™ . . POTENTIAL8 
Vs. S.G.E.
AEEA-FUl’JCTIOI'T 
RATIO 
(Eh.PtovKafior.aefl) 
values.
(Volts') Inc.Ia.ions
Ratio
A pZm .
A2.
C2.
-0.35 (a) 
-1.16' (a)
o
jJcv] 1.5(0) (a)
Al.
C2.
-0.2U(t>) 
-1.16 '(a)
)C2 
) Al
O•H
Al. -0.2l+(D) j
A2 • -0.36 (a) I Al < A2+AU 1.1
Alj-. -0.79(1)) ;
C2.
A!+.
-1.16 (a) 
-0.79(t>)
<C2 
< Alj. 4.0
Notes
(a) Do Co Half-Wave Potentials.
(h) Sinusoidal A.C. Characteristic 
Potentials.
(c) Ratio of Screen Values'was also 1.5*
(d) Ratio of ^c/^da was also 1-5.
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d* Discussion
(i)Incisions C»2» and A *2*
The determined ratio, of the area functions for 
incisions C,2. and A,2. agrees with the value obtained 
for the ratio of the limiting diffusion currents 
obtained by D.C* polarography with the same solution.
In view of the agreement of both potential and 
current data for the polarographic incisions 0,2. and 
A,2. and for the coupled anodic/cathodic D.C. 
polarographic waves, it vms concluded that incisions 
C,2. and A,2., and the coupled anodic/cathodic D.C. 
waves, were produced by similar cathodic and anodic 
reactions.
(ii) Incisions C 92. and A»l.
The value of unity for the ratio of the area 
functions for incisions C,2. and A,2. was considered to 
be significant. If the cathodic reduction of the 
trivalent antimony compound formed in a. 0.62 mM. 
solution of Sb^Oj in normal potassium hydroxide was 
irreversible due to a slow electrode reaction, and not 
to a slow chemical reaction, then it could be expected 
that the velocity of the electrode reaction would be 
accelerated with increasing potential.
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Cons equently, at sufficiently large potentials, 
the currents produced would he limited only hi the 
diffusion process, and the reaction would thereafter 
behave as a reversible reaction. The magnitude of the 
incision area factor for the cathodic reaction (C,2.) 
would therefore be expected to be repeated in the 
corresponding anodic reaction although the potential of 
the latter might be disposed towards more positive 
values.
Such is the case with incision A,l. where the ratio 
of the incision factors for C,2. and A,l. is unity 
whilst the characteristic potential of incision A,l. at 
-0.21}. volts is much more positive than the value of 
-1.2 volts which would have been expected if the reaction 
were reversible.
It was therefore considered that incision A,l. may 
have been produced by the anodic counterpart of the 
cathodic reaction producing incision G,2.
(iii) Incisions G»20 and Aoh.
The area function of incision A,h« was found to be 
only one quarter of the value of the area factor for the
cathodic incision C,2. and it would therefore appear
that a preliminary anodic reaction might have occurred 
involving only one quarter of the number of electrons
involved in reactions G,2. or A,l.
-321-
It was suggested that such a chemical reaction might 
be produced by the action of potassium hydroxide on 
antimony amalgam.
The existence of an additional electrode reaction 
under the conditions applied inoscillographic polaroscopy 
was consistent with precedents which had been previously 
reported by Heyrovsky. A number of reactions had been 
reported to occur at the dropping mercury electrode 
under these special experimental conditions, which either 
did not occur, or did not produce diffusion currents, 
when subjected to the slow, steadily increasing negative 
potential in normal D.C. polarography. Typical examples 
included the direct reduction of lanthanum compounds, 
and of acetylene. 
g. Conclusions
It was concluded that the absence of an anodic 
incision at the potential of the cathodic incision (C.2.) con­
firmed the irreversibility of the cathodic reaction.
The production of an equivalent anodic reaction at 
a more positive potential, with an identical area 
factor (A.I.) indicated that the irreversibility was 
probably caused by a slow electrode reaction rather 
than by a slow chemical reaction preceding the electrode 
reaction.
-322-
The production of a small anodic incision (A,4.) 
at a potential preceding the incision (A,2.) representing 
the anodic oxidation reaction of trivalent antimony in 
normal alkaline media, was considered to indicate the 
possibility of an anodic reaction involving the products 
from the cathodic reaction (C,2.) and which may have 
been irreversible owing to one of a number of possible 
causes including the occurrence of a preceding slow 
chemical reaction.
A tentative sequence of outline reaction mechanisms 
which were consistent with the above evidence was
suggested as follows:
MTIIRE.
POSSIBLE REACTION PROCESSES.
tyee MECHANISM
Cathodic C2 Electrode
3
Sb^ complexA->Sb amalgam,
3
Sb amalgam—^Sb complex BAnodic AU Chemical
Electrode
3 3 
Sb^complexB-^Sb complex C
Sb-^complexA—-$>Sb^  complex A~H A2 Electrode
U Al Electrode1
i  ^ 1
Sb^ c omplexC — >Sb^ complexAt 
fSb amalgam— >Sb^complex A „r
Further evidence was sought hy the application of the 
sinusoidal alternating voltage method using the 
phase-selective polarograph.
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SBCTION Z.
Experimental.
Part VI
Studies of the reversibility End *n* values of the 
coupled anodic-cathodic wave for tri-valent antimony in 
Normal alkali medium, with the aid of the following techniquesg
1. Sinusoidal Alternating-Voltagefr^Phase-Selective1 System'.
2. Sauare-Wave Alternating-Voltage.-Continuous System.
3. Linear-Sweeo Oscillographs-Single-sweep System.
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(a) PRINCIPLE OF IRREVERSIBILITY STUDIES BY
SINUSOIDAL ALTERNATINQ-VOLTAGE POLAROGRAPHY.
A small alternating voltage of constant amplitude 
is superimposed on the steadily increasing D.C. 
potential applied to the polarographic cell and 
electrode system.
It .can be shown that the resulting alternating 
current consists of two phases, one of which is in 
phase with the applied voltage and is a product of 
the resistive conductance of the electrode / solution 
system, .
The second portion of the current is in quadrature . 
phase and results from the capacity of the double layer 
at the electrode / solution interface.
In a pure supporting electrolyte the in-phase 
current may be zero, but due to the existence of 
the electrical double-layer, a charging or capacity 
current will nevertheless be produced.
This capacity current may be reduced to a value 
approaching zero with the aid of a phase - sensitive 
rectifier, so that only the in-phase current is measured.
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The resulting record will then show zero current in 
the absence of a depolariser.
Furthermore in the presence of the depolariser, 
only the in-phase portion of the total current is 
recorded and since the magnitude of this current is a 
product of the resistive-conductance of the electrode/ 
solution system it will also serve as a measure of the 
resistance changes resulting from the development of the 
diffusion layer.
The magnitude of this current depends on the value 
of the applied D.C. potential.
As the D.C. potential slowly increases, a 
concentration gradient is established in the solution 
phase near the surface of the mercury drop.
If the reduction product is capable of combining 
with mercury to form an amalgam then a similar 
concentration gradient will be established in the 
mercury drop.
At the half-wave potential, a quantity of 
reducible ion can be considered to be moving from the 
amalgam into the solution during one half-cycle, and 
back into the amalgam during the following half-cycle, 
and a comparatively large A.C. current is therefore 
produced if the reaction is reversible.
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If the reaction is not fully reversible then, 
clearly, the current will be considerably reduced and 
may even be non-existent.
In both cases, however, the polarogram representing 
variations of A.Co current with DoC. potential will 
consist of a series of peaks instead of the steps 
recorded with D.C. current. The magnitude of the 
heights of the peaks resulting from the A.C. current 
will be proportional to the concentration of the 
depolariser.
The characteristic potential versus-the Saturated 
Calomel Electrode, at which the maximum current passes, 
will in general be close to the value of the half-wave 
potential determined by D.C. Polarography.
However the current/voltage curve is a measure of 
the change in the interfacial conductance of the 
electrode surface, rather than a measure of the 
di f fus i on c urr ent.
The magnitude of the potential separation of 
coupled polarographic A.C. peaks should be similar to 
the value of the potential separation recorded by 
D.C. Polarography.
(b) MEASUREMENT OF DEGREE OF REVERSIBILITY
OF ELECTRODE REACTIONS
-(1) Half-peak width
Barker (63) has shown that in A.C. polarography
the width of the peaks can be related to the numbers of
electrons (n) taking part in the reactions, and reported
that the widths of the peaks measured at a height
equivalent to one half of the peak height, were
inversely proportional to the value of n. For example,
for fully-reversible reactions at 25°C, if n * 1, then
the half-peak width was 90.4 mv,, and if n = 2, then the
half-peak width was 45.2 mv.
Fully irreversible reactions however, showed
considerably increased half-peak widths over fully
reversible reactions involving the same number of
electrons, so that a study of the half-peak widths could
assist in the determination of the degree of reversi- .
bility of the electrode reactions.
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( Symmetry
Barker has shown that fully reversible and fully 
irreversible reactions produce symmetrical peaks; 
slightly irreversible reactions produce a slight 
departure from symmetry while semi-irreversible 
reactions produce asymmetric peaks.
Consequently, from the order of symmetry revealed 
by the peak shape, an indication can be obtained of 
the degree of reversibility of the reaction.
(iii) Peak Height
For fully-reversible reactions the maximum 
current is proportional to the square of the number 
of electrons involved in the electrode reaction, and 
to the square-root of the diffusion-coefficient.
For a slightly irreversible reaction, the 
maximum current may be reduced by 2i<>
For a totally irreversible reaction however, the 
maximum current may be reduced by 95f°
Consequently the ratio of the peak height to that 
produced by a fully reversible reaction can serve as a 
sensitive indicator of the degree of reversibility of 
an electrode reaction.
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v( &) ) Experimental Procedure
In order to maintain a linear relationship between 
peak height and depolariser concentration, it was essential 
to ensure that all resistances other than that of the 
diffusion layer were maintained at as low a value as it 
was possible to achieve.
The capillary resistance and the input resistance in 
the amplifier were unchangeable but the reference 
electrode resistance could be considerably reduced by 
replacing the Saturated Calomel Electrode with the 
mercury pool reference electrode, the potential of the 
mercury pool being subsequently determined against a 
Saturated Calomel Electrode.
The latter method of calibration of the mercury pool 
was pre^ etsrted to the alternative process of replacing the 
dropping mercury electrode by the Saturated ©alome.l 
Electrode, and using the polarograph as a null detector, 
since the latter method prevented monitoring of the pool 
potential during the course of a test.
A further reduction in the magnitude of the circuit 
resistance was also achievable by avoiding the use of 
maximum suppressors since they had no beneficial effect
on the shape of the polarographic peaks and were capable 
of reducing the peak heights. For the purpose of these 
tests, the phase - selective polarograph unit was 
coupled to a Cambridge Pen Recording Polarograph. A 
chart speed of 15 mm./min. was used in conjunction with 
a sensitivity fraction ofg^ jj giving a sensitivity of 
0.075 micro-amps per mm. Position 3 damping was used 
throughout. The potentiometer calibration provided a 
chart movement of 100 mm per volt. (Pig.26).
Solutions were deoxygenated prior to testing, by 
the passage of nitrogen for 15 minutes.
RESULTS.
(i) Potentials
(a) Peaks
The polarogram recorded with a solution containing 
0.62 mM. Sb20^ in Formal Potassium Hydroxide (Fig. 27) 
displayed'two major peaks at characteristic potentials 
of approximately -0.25 and -1.05 volts vs. mercury pool 
reference electrode, the potential of which had been 
found to be -0.1803v against the Saturated Calomel 
Electrode.
The corrected characteristic potentials for these 
two peaks were therefore -0.45 and -1.25 volts 
respectively vs. the Saturated Calomel Electrode, 
providing a peeik separation of 0.80 volts
Sinusoidal A.C.’Phase-Selective 1 Reversibility Studies
Qf coupled -anodic-cathodic waves for tri-valent antimony.
Fig. 26:(Lower):- Recording ♦Phase-Selective1 Polaro- 
graphio equipment used for these studies.
Fig. 27 (Upper):- Phase-Selective Polarogram for
Sb„0„(0.62 x 10~3M.) inKOH (1.0 N.)
— — — o  — —      —  ------ ---------- ----- -
e-d 10 I 
PoTErvrmL (volts
Z '4 \ -b
i/s . H j  Pool) .
(b) Potential Spread at half peak-heights
The potentials vs. the mercury pool reference 
electrode9 of points on the positive and negative arms 
of each major peak,' at a height equal to one half of 
the respective peak height, are given in the following table 
together with the calculated potential spreads.
PEAK
IDENTITY
(PEAK. 
POTENTIAL)
(Volts)
ARM S M M S M L
POTENTIALS 
VS.MERCURY 
EQQL_
(Volts)
S^ PAR^ TIOiv
HEIGHT
FR0IL.PEAK
PO'TENTTaLS..
(Volts)
POTENTIAL 1
SPREAD !11
]i
(Volts)
0.05 Positive +0.005 0.055
0.105
Negative -1.10 0.05
0.85 Positive -0.76 0.09
0.16
Negative -0.92 0.07
(ii) Peak Height Ratio
The heights of the two major peaks, recorded 
for a solution containing 0.62 mM. Sb203 in Normal 
Potassium Hydroxide, were 26 and 29mm*$ 
equivalent to 1.95 and 2.17 micro-amps respectively.
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(d) Discussion
(i) Peak-Potential Separation
The recorded values for the potentials of the two 
major peaks, (-0.23 and -1.03 volts vs. the Saturated 
Calomel Electrode) showed a potential separation of 0.80 
volts, which as expected was approximately the same as 
the factor of separation for the D.C. half-wave potentials 
(0.81 volts).
(ii) Potential Spreads at half-peak heights
The values of the potential spreads of the two peaks, 
at the half peak-height position, were 0.105 and 0.16 
volts respectively.
Now the half-peak width for a one-electron reaction 
shoul be 90.^+mv. It can therefore be concluded that the 
first peak is equivalent approximately to a reversible 
one electron reaction.S imilarly it can be concluded that 
the second peak is equivalent either to a reversible 
reaction involving one electron per two molecules of 
antimony compound, or to an irreversible reaction involving 
more than one electron p§r two molecules of antimony 
compound.
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Now from the experimental evidence obtained from 
DoC. polarography, it was concluded that the ratio of 
the numbers of electrons involved in the two reactions 
was 3:2.
Consequently, assuming thrt one elctron was involved 
in the first reaction, the second reaction would require 
1.3 electrons per mole of antimony compound, equivalent 
to a half-wave width of two-thirds of 90.k mV. or 60mV.
However the recorded value for the half-wave width 
for the second peak was loO mV.
From the investigations, it could therefore be 
concluded that the second wave exhibited an apparent 
A.G. "irreversibility factor" of 60°„l60 or 0.37«
The first wave exhib i t ed an app arent A .C 0 
"irreversibility factor" of 90.h:105. or 0.86.
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(iH) SYMMETRY
It was observed that the positive 
arms of the peaks extended over wider potential ranges 
than the negative arms.
This lack of symmetry was characteristic of 
reactions which were either slightly or semi-irreversible.
The differences in the potential spreads of the 
arms of the first and second peaks were 0.005 and 0.02 
volts respectively, so that the percentage increases in 
spread of the positive arm compared with the negative 
arm were 1 0% and 30% respectively.
(iv). PEAK HEIGHTS
In A.C. polarography, any irreversibility which 
may be present in the reactions yielding the A.C. 
current is revealed by a reduction in the peak height 
compared with the height expected if the reactions 
were fully reversible.
These peak heights are nevertheless found to be 
proportional to the squares of the numbers of electrons 
taking part in the reactions*
How the values for the numbers .ofelectrons had 
been shown by D.C. studies to be in the ratio 2:3
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Consequently, if both reactions were reversible, 
the peak heights would be in the ratio 419-
Now the height of the first peak was found to be 
26mm. (equivalent to 1.95 micro-amps).
If the reversibility of both reactions is assumed, 
then the height of the second peak should be 58mm, but 
the actual height of the second peak was 29mm, equivalent 
to 2.175 micro-amps). Consequently the "irreversibility 
factor" for the second wave was 29:58 or 0.50 
e. Conclusions
The influence of irreversibility in the electrode 
reactions is shown most clearly in D.C. polarograms by 
the extension over an abnormally large potential range, 
and, in A.C. polarograms,by the reduction of the peak 
height.
The degree of irreversibility is given a dimension 
in both D.C. and A.C. polarography by the use of the 
"irreversibility factor".
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For the D. C. polarographic waves, the extended 
potential spread was related to the reciprocal slopes 
of the graphs of the relationship:
i
E ds- v s * *4 ~ 1
Values of 0.059 and 0.075 volts had been obtained 
for the first and second waves, giving an apparent 
irreversibility factor of 0.50.
For the A. C. polarographic peaks, the reduction 
in peak height of the second wave, compared with the 
height which it would have attained, if the reaction 
were reversible, also provided an apparent 
irreversibility factor of 0.50.
The high degree of precision with which these two 
Irreversibility factors agree confirmed the validity 
of the method, and provides an indication of the order 
of reproducibility attainable even when different 
polarographic techniques are introduced.
The results have therefore fully justified the 
introduction of the -irreversibility factor as a basis for
labelling the degree of irreversibility of electrode 
reactions.
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N«w according to Barker, the waves for slightly - 
irreversible and fully - irreversible reactions 
exhibit height reductions of approximately 2 % and 
95$ respectively, equivalent to irreversibility fac,torss 
0.98 and 0.05. (63)
Consequently, since the second reaction in these tests 
has consistently shorn an .irrever cibility-faator of 0^50, 
this reaction may be classified as semi-irreversible.
It can therefore be concluded that although the 
electrode reactions still make a contribution to the 
peak, the variation with potential of the mean concentration 
of reactant at the electrode surface is influenced by 
the irreversibility.
This conclusion was further supported by the 
evidence regarding the symmetry of the peak.
Whereas fully— 'reversible, slightly-irreversible 
and fully-irreversible peaks were approximately 
symmetrical, the peaks for semi-irreversible reactions 
were reported by Barker to be asymmetric.
Now whereas the first peak was nearly symmetrical 
the second peak showed the negative arm potential- 
spread to be 30% greater than the positive arm spread 
at the half-peak.height.
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T h i s  h i g h  o r d e r  o f  a s y m m e t r y  c o n f i r m s  t h e  v a l i d i t y  
o f  t h e  c l a s s i f i c a t i o n  o f  t h i s  p e a k  a s  s e m i - i r r e v e r s i b l e .
A d d i t i o n a l  c o n f i r m a t o r y  e v i d e n c e  w a s  p r o v i d e d  b y  
t h e  r e c o r d e d  v a l u e s  f o r  t h e  p o t e n t i a l  s p r e a d s  a t  h a l f ­
p e a k  h e i g h t s .  B a r k e r  h a d  r e p o r t e d  t h a t  f o r  i r r e v e r s i b l e  
r e a c t i o n s ,  t h e  p o t e n t i a l  s p r e a d s  a t  h a l f - p e a k  h e i g h t s  
w e r e  c o n s i d e r a b l y  i n c r e a s e d  o v e r  t h e  e q u i v a l e n t  v a l u e s  
f o r  r e v e r s i b l e  r e a c t i o n s *
S i n c e  t h e  r e c o r d e d  " i r r e v e r s i b i l i t y  f a c t o r  f o r  
t h e  s e c o n d  w a v e  w a s  a s  l o w  a s  0 . 3 7  i t  w a s  c l e a r  t h a t  
t h i s  c o n d i t i o n  a d e q u a t e l y  c o n f i r m e d  t h e  s e m i -  
i r r e v e r s i b l e  c a t e g o r y  a l l o t t e d  t o  t h i s  r e a c t i o n  a s  a  
r e s u l t  o f  t h e s e  s t u d i e s .
I t  w a s  c l e a r  h o w e v e r  t h a t  f u r t h e r  c o n f i r m a t o r y  
e v i d e n c e  w a s  d e s i r a b l e  o n  t h e  n u m b e r s  o f  e l e c t r o n s  
a c t u a l l y  i n v o l v e d  i n  t h e s e  r e a c t i o n s ,  b e f o r e  r e a c t i o n  
m e c h a n i s m s  c o u l d  b e  p o s t u l a t e d ,  a n d  f u r t h e r  t e s t s  w e r e  
t h e r e f o r e  p e r f o r m e d  w i t h  t h e  a i d  o f  s q u a r e - w a v e  
p o l a r o g r a p h y *
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Studies of the reversibility and Tn f values of the coupled 
anodic-cathodic wave for tri-valent antimony using the continuous 
Square-Wave Alternating-Voltage Polarographic System.
Procedure; The fundamental processes applied in A.C. polarography 
have been described in previous sections,together with the 
methods developed by Barker for interpreting physico-chemical 
phenomena disclosed by Square-Wave polarography.
The Mark 3 Square-Wave Polarograph,which had been 
previously used for the studies of polarographic effects of 
impurities in electrode mercury(Section 3,Part II.),was applied 
to the study of the solutions which had been examined previouslyly 
D.C. polarography, Sinusoidal Alternating-Current,and 
Sinusoidal Alternating-Voltage Polarography,leading to the 
results described in Section 3, Parts IV '-VI.
The primary object of these studies with Square-Wave 
Polarography was the evaluation of the •n' values from the 
Half Peak Height Spans, and the elucidation of supplementary 
data on the polarographic phenomena which square-wave polarography 
provides, and which could be of value in interpreting the 
character of the anodic portion of the coupled wave.
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Observations s The square-wave polarographic peaks produced 
by the anodic reaction(Pig.28) were well-defined, with 
peak-heights dependent upon concentration, The peak potential 
showed an apparent positive shift with increasing antimpny 
concentration, which was in accordance with the observations 
of ICcnopic reported in Section 3,Part I.
The peak-width at the Half-Peak Height position 
was equivalent to a potential increment of 90 mv. in each case, 
sh' wing that the reaction occurring at the polarisable 
electrode involved one electron if reversible, and 
more than one electron if irreversible.
From the degree of asymmetry of the peaks 
it could be concluded that the electrode reaction was not 
a fully-reversible process,although it was clearly more 
reversible than the Barker specification permitted for a 
fully-irreversible reaction.
It was concluded that further information shouldbs 
obtained from a reaction process occurring at a rate of 
D.C. potential increase faster than the normal rate applied 
in D.C. and A.C. polarography, but slower than the rate of 
A.C.potential increase in sinusoidal and square-wave systems. 
Such a process could occur with a single,linear sweep 
oscillographic system, and further investigations with one 
of these systems were therefore performed.
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Studies of the reversibility and 1 revalues of the coupled 
anodic-cathodic wave for tri-valent antimony using; the 
single, linear-sweep, oscillographic polaroscopic system. 
Procedure; The application of this linear-sweep technique 
followed the general pattern adopted in the previous studies.
Although the equipment permitted the use of the subtractive 
method of operation, (Pig.29X^4^ was found that the base 
electrolyte provided a satisfactory background current (Pig. 30) 
and single-cell operation was therefore adopted.
Observations; The polarograms revealed a number of peaks 
which correlated with the peaks and valleys observed in the 
Sinusoidal Alternating-Current Polarograms. Since the 
basic principles of these systems differ , it would appear 
that the rates of potential change may nevertheless be 
comparable,and of a similar order.
The polarogram for the reduction portion of the 
coupled anodic-cathodic wave is similar to a three-electron 
reaction-peak form (Pig. 31) while the, anodic portion is 
similar to that of a two-electron reaction peak. These studies 
indicate that t‘he availability of various forms of 
polarograph,with differing rates of application of the D.C. 
or A.C. applied potential, can provide opportunities 
for the study of reaction rates, and 4he characteristic 
parameters for elucidating the numbers of electrons involved, 
well as the degrees of reversibility and reaction mechanisms.
ffig. 29.
Linear,single-sweep oscillographic polaroscope 
used for studies of the reversibility and yn* values
of the coupled anodic-cathodic wave for tri-valent
antimony in alkaline media.
Linear, single-sweep oscilloscopic studies of the 
reduction component of the coupled anodic-cathodic
M K 0 tT
6.1 Civ
ft&X
waves for tri-valent antimony in alkaline media.
gig.30 s KPH.(1.0 K .)
-3.gig. 31s Sb2Cu(0.62 x 10 M) in KOH (l.O N.)
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SECTION 3« 
Experimental
Part VII
Studies of hydrofluoric acid (1.0 N.) as a possible 
supporting electrolyte for polarography,
and of the polarographic behaviour of penta-and 
tri-valent antimony in this medium.
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(l) Introduction;-Effects''-of Halide and Non-Halide ions.
The electrode reactions Sb +++ + 3 © ^  — Sb has
been found to be reversible in Cl" base solution.
(i) As far as can be ascertained the reduction and
oxidation potentials for this reaction are identical, 
(ii) The rate of the electrode process is fairly rapid.
~L-.-L.~L.
The electrode reaction Sb + 3© = Sb has been found 
to be irreversible'in(S0^~ ~), (N0-^ ~), (010^), (0H~)# 
tartrate or citrate, base solutions.
(i) The cathodic half-wave potential is different from 
the anodic half-wave potential.
(ii) The process is controlled by the different half­
wave potential, not by the reaction rate (as the 
rate is fairly rapid).
Loveland and Slving reported that no single electrode 
process has been found to be irreversible except where 
transfer of electrons is hindered by film formation.
The 3-electron reduction and oxidation may be 
accomplished by a series of single-electron processes which 
in themselves are reversible, but the overall reactions may 
be irreversible.
Tockstein (27) in 1951 examined the system Sb amalgam/ 
Cl", SO^", C20^ , ON", tartrate, and found irreversibility
in all cases. This is interesting in the case of Cl~, where 
other investigators found reversibility.
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The diffusion current constants in the three mineral 
acids and in sodium hydroxide decrease in the order; 
hydrochloric acid - nitric acid - sulphuric acid - sodium 
hydroxide.
From this Lingane concluded that the chloro complexes, 
in hydrochloric acid were smaller than the aquo complexes 
which predominated in nitric and sulphuric acids.
Further, both chloro and aquo complexes were smaller 
than the hydroxo complex ions which were present in caustic 
soda solution.
The diffusion coefficient in tartrate media were 
smaller than in other media, which conforms to the expected 
result in view of the relatively large size of a tartrate 
complex ion.
Loveland and Living (26) reported in 1952 that 
antimony, when in solution with certain anions - sulphate, 
nitrate, perchlorate, hydroxide, tartrate and citrate - 
showed definite oscillographic irreversibility, but in an 
excess of chloride or bromide ion, approached oscillographic 
reversibility, and showed an increased rate of electrode 
deposition.
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Heyrovsky (25) noted that chloride and bromide ions 
wene able to change the irreversibility of trivalent 
antimony into oscillographic reversibility, and he attempted 
to explain this action.
The irreversibility of trivalent antimony occurred in 
solutions containing excess anions: ", N0^~, C10^~,
tartrate, citrate, OH , all of which were known to be not 
deformable, i.e. of a rigid electronic structure, 
unchangeable in an electric field. On the other hand, Cl"" 
and Br" ions were deformable, since the centre of their 
electric charge was shifted in an electric field, so that 
they became polarised. The fact that the influence of 
01“ ions acted only during the cathodic process, the anodic 
kink being practically independent of the composition of 
the solution,was also important. The Cl~ ions thus seemed to 
promote the transfer of electrons from the cathode to the 
cations or between the cations. This facilitation could be 
imagined as consisting of a convection of the electron through 
the deformed Cl” ion, its negative charge gliding on to the 
cation, and at the same time another electron being acquired at 
the other end of the Gl~ ion from the cathode or from another 
cation.
To act in the above way, the C.l~ ions had to have some 
affinity for the cations to form more or less firmly bound 
complexes. This was quite acceptable in the case of antimony.
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(2) Effects of Fluoride ions.
In the absence of any reports on the influence of fluoride
ions on the reversibility of the reduction of tri-valent 
antimony, it was considered desirable to investigate the 
possibility of obtaining reduction waves in aqueous j
ji
hydrofluoric acid. j
previous work by Clifford and Balog (65) was concerned )
with concentrated hydrofluoric acid,and although some j,
analytical studies had been reported by West,Bean and Breda(66) |
H
and by Eve and Verdier(67) with dilute sodium fluoride media, 
the use of aqueous hydrofluoric acid appeared to have been ;
avoided. 1
It was felt that data of any real significance could only . i
be derived from studies in the acid without additives, and 
at concentrations in the region of 1.0# Normal., in which 
complexes with fluoride and hydroxy or aquo ions could freely 
form. .
The development of special polarographic equipment for 
hydrofluoric acid media presented a number of problems but 
these were eventually overcome with the development of the 
flowing-mercury electrode for these studies (68,69)|-(Copies of |
these Papers are attached to this Thesis). |;
The operating characteristics of this electrode system were ;-
fully investigated and eventually a mode of construction and 
operation was devised which permitted polarographic studies 
in hydrofluoric acid media to be performed(ffigs.32-38)»
11
§Ecevefl.
Fig.52: Schematio diagram♦ showing the principle of the
Flowing Mercury Electrode System,
amblq nn
E'K.T&ac.TtoN 
P R E S S M e  HEot> 
-  _ ± —  _
~ r
Pig:35.~ General arrangement diagram of the
Plowing Mercury Electrode System.
HBH8H
ffig»54s Plowing Mercury Electrode and Cell Unit mounted in
c ons tant -t empe rat are, thermos tat i cally -c ontrolled wat er. bath.
(below)* 
  --
ffig»55: Constant-Temperature Water-Bath.
Fig.36: general arrangement diagram of the mercury-feed unit
'///nrmm/iiniinnik
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Fig* 37:General arrangement diagram of the
Flowing Mercury Electrode and Cell Unit,.
K
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Qbservationss■f... . ......
Although hydrofluoric acid was found to provide a 
background current at a number of potentials, it was 
nevertheless possible to record a blank polarogram fop 
this medium at a potential at which trivalent antimony 
produced a significant wave.
It was found that the square-wave polarograph would 
function with the flowing-mercury electrode unit, the 
strobing circuit being triggered by changes in the 
capacity of the double-layer when the feed drops of mercury 
made contact with the mercury column in the feed funnel.
Subsequent studies with the square-wave polarograph 
showed that more than one wave was produced by tri-valent 
antimony, and pentavalent antimony compounds also appear 
to be polarographfcally active in Normal hydrofluoric acid.
In order to reduce the number of species present in the 
solutions , samples of antimony tri- and penta-fluorides were 
obtained and dissolved in hydrofluoric acid. For comparison, 
solutions were also prepared containing potassium antimony 
tartrate,antimony trioxide and antimony pentaxide.
The general conclusions to be drawn from these studies 
with •..multiple antimony species indicate that multi-electron 
reactions occur in each case.
Pig;:58; Square-Wave Interfacial-Conductance Polarograms for
* the reduction of tri-valent antimony in hydrofluoric
acid (1.0 H.)
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Conclusions;
A. Antimony Penta-fluoride
A 3-electron reduction is indicated,which is associated 
with a symmetrical peak. The reaction is therefore not 
partly- or semi-reversible.
The reaction appeared to be slightly irreversible and 
again involved a transfer of three electrons.
0 .Tri-valent Antimony Compounds.
Potassium antimony tartrate produced a fully-reversible 
peak whereas the trioxide and trifluoride yielded symmetrical 
peaks . The trifluoride reaction appeared to be irreversible.
It was of interest that all the trivalent antimony •*. / 
compounds produced slender peaks equivalent to 6 or 8 electrons 
transferred in the reactions* with the exception of the.peak 
in the rangei -0.7- -0.8 volts, vs.the mercury pool, which 
showed a characteristic one-electron peak (Pig. 35)
The potential of the mercury-pool reference electrode 
in Normal hydrofluoric acid was found to be + 0.160YYS. the 
S.C.B.
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SBCTION 3.
E x p e r i m e n t a l .
P A R T  V I I I
A  s t u d y  o f  t h e  s q u a r e - w a v e  a l t e r n a t i n g - v o l t a g e  p o l a r o g r a p h i c  
p h e n o m e n a  / a e s o o f  a t e d  w i t h  t r i - v a l e n t  a n t i m o n y  i n  A c e t i c  A c i d  ( l « N . )
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I  I n t r o d u c t i o n .
T h e  a q u e o u s  a c e t i c  a c i d  m e d i a  u s e d  b y  p r e v i o u s  
i n v e s t i g a t o r s  h a d  c o n t a i n e d  a d d i t i v e s ,  i n  t h e  f o r m  o f  
s a l t ' s  of. t h e  a c i d  a n d  g e l a t i n .
C o n s e q u e n t l y  t h e  e x p e r i m e n t a l  d a t a  w a s  d i f f i c u l t ,  
t o  i n t e r p r e t  o w i n g  t o  t h e  c o m p l e x i t y  o f  t h e  s o l u t i o n s  
u s e d  f o r  t h e s e  t e s t s : .
T h e  i n t e r p r e t a t i o n  o f  r e a c t i o n  m e c h a n i s m s  w a s  
h i n d e r e d  b y  t h e  v a r i e t y  o f  i o n s  p r e s e n t  i n  t h e  s o l u t i o n  
a n d  t h e r e f o r e  b y  t h e  m u l t i p l i c i t y  o f  p o s s i b l e  c o m p l e x e s .
I t  w a s .  o b s e r v e d  t h a t  m o s t  o f  t h e  p r e v i o u s  
i n v e s t i g a t o r s  h a d  a t t e m p t e d  t o  r e c o r d  p o l a r o g r a m s  i n  
p u r e  a c e t i c  acid, m e d i a  a n d  i t  w a s  t h e r e f o r e  c o n c l u d e d  
t h a t  a  f r e s h  a p p r a i s a l  o f  t h e  p o l a r o g r a p h i c  b e h a v i o u r  
o f  a n t i m o n y  c o m p o u n d s  i n  a c e t i c  a c i d  m e d i a  w a s  d e s i r a b l e ,  
u s i n g  p u r e  a c e t i c  a c i d  w i t h o u t  a d d i t i v e s  i n  o r d e r  t o  
s i m p l i f y  t h e  i n t e r p r e t a t i o n  o f  t h e  p o l a r o g r a m s .
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II~ E X P E R I M E N T A L
I t  w a s  p r o p o s e d  i n i t i a l l y  t o  d e t e r m i n e  t h e  
p r a c t i c a b i l i t y  o f  p o l a r o g r a p h y  i n  p u r e  a c e t i c  a c i d  m e d i a ,  
a n d  i f  s u c c e s s f u l ,  t o  i n v e s t i g a t e  t h e  p o l a r o g r a p h i c  
b e h a v i o u r  o f  a n t i m o n y  c o m p o u n d s  i n  t h i s  m e d i u m .
A .  P r o c e d u r e
I t  w a s  c o n s i d e r e d  t h a t  n o r m a l  a c e t i c  a c i d  w a s  a  
c o n v e n i e n t  m e d i u m  f o r  t h e  i n i t i a l  t e s t s *
T h e  u s e  o f  n o r m a l  s t r e n g t h ,  i n  c o n f o r m i t y  w i t h  t h e  
s t r e n g t h  o f  o t h e r  m e d i a  u s e d  i n  t h e s e  s t u d i e s  w a s  
s e l e c t e d  i n  o r d e r  t o  f a c i l i t a t e  c o m p a r i s o n )  o f  d a t a .
I n  v i e w  o f  t h e  l o w  s o l u b i l i t y  o f  a n t i m o n y  i n  t h i s -  
m e d i u m ,  i t  wais c o n s i d e r e d ,  t h a t  t h e  S q u a r e - W a v e  P o l a r o g r a p h  
w a s -  m o r e  s u i t a b l e  t h a n  D . C .  p o l a r o g r a p h s  f o r  t h e s e  
s t u d i e s ,
S o l u t i o n s  c o n s i s t i n g  o f  n o r m a l  a c e t i c  a c i d ,  w i t h  
a n d  w i t h o u t  a n t i m o n y ,  w e r e  a c c o r d i n g l y  p r e p a r e d  a n d  
e x a m i n e d  w i t h  t h e  S q u a r e - W a v e  P o l a r o g r a p h ,
B'. Results
It v/as found that polarograms could he recorded 
in pure acetic acid of normal strength.
In the presence of trivalent antimony a t concentrations
■
of 5 and 10 p.pm., four peaks were recorded which were 
.shown to he related to the antimony concentration. (Pigs 39,40) 
The polarographic data for these peaks has been 
recorded in Tablet-45.—
ffig.39: Square-wave Jjiterfacial-Conductftnce Polarograms for
the reduction of tri-valent antimony in Acetic Acid(lJ%
Potential ranges 1.0 - 1.5 Volts,
t-
o
P o r e w r t R L  M c H C P a o k  I i/ o>.t s |
ffig. 40s Square-wave InterjTacial-Conductance Polarograms for
the reduction of tri-valent antimony in Acetic Acid (1.0 N.)
Potential ranges o - 1,0 Volts.
o z ©
I
(n
O
-l-o
pooL ( Voi-rs.^
-353-
TABLE:- 45
P O L A R O G - R A P H I C  D A T A  R E C O R D E D  W I T H  S O L U T I O N S  O F  T R I V A L E N T  
A N T I M O N Y  I N  N O R M A L  A C E T I C ,  A C I D *
P E A K - H , s b 3 + — Q S A I L
1
P E A K  P O T E N T I A L H A L E
I
s H o i r r . ' D F . r ? - G Q 3 2 I N L H E I G H T v p .  M E R C I T T R Y m t s m a rP O O L  E L E C T R O D E S P A N S
a t  2 5  t  o . l ° C L E G S . P E A K .
m m . ( V o l t s )(k) +( m m ) ( m m ) ( m m )
A 5 ( 5 6 - 0 . 5 8 6 9 1 5
( 5 8 - O . 5 6 6 4 n 1 1 +
1 0 ( 8 2 - 0 . 5 8 9 1 0 1 9
( 6 5 - O . 5 8 9 1 1 2 0
B 5 ( 3 - 0 . 6 5 — — —
(3. - 0 . 6 8 — — —
1 0 ( + - 0 . 7 0 6 ? 7i 1 2 +
( 6 - 0 . 7 0 6 4 6 2 1 3
C 5 ( 5i - 1 * 1 5 3 4 6 4 1 0
( 6 - 1 . 1 2 + 2 + 5 9
D 5 ( 2 1 - 1 . 2 7 8 7 1 5
( 2 2 - 1 . 2 6
1 . . . . . 8 7 1 5
S q u a r e - W a v e  A m p l i t u d e  2 m V .
G - a i n  5 0 ^ *
O p e r a t i n g  c u r r e n t  C a l i b r a t i o n  i-r
1 m m  =  0 . 2 1 2 +  x  1 0  m h # s .
P o t e n t i a l  o f  M e r c u r y  P o o l  E l e c t r o d e 0  
v s .  S o C o E .  + 0 . 1 3 0 8  v o l t s  a t  2 5  C .
N o t e s
(1)
(2)
(3)
(u)
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c .  D i s c u s s i o n
1 .  N u m b e r  o f  P o l a r o g r a p h i c  w a v e s  o r  p e a k s
P r e v i o u s  i n v e s t i g a t o r s  h a d  r e p o r t e d  t h e  e x i s t e n c e  
o f  o n l y  o n e  w a v e  f o r  t r i v a l e n t  a n t i m o n y  i n  llvl. a c e t i c  
a c i d  m e d i a ,  c o n t a i n i n g  1 M  s o d i u m  a c e t a t e  a n d  0 . 0 0 1 $  
g e l a t i n ,  a n d  t w o  w a v e s  i n  2 M  a c e t i c  a c i d  c o n t a i n i n g
2 M .  i f f i m © n i u m  a c e t a t e  a n d  0 . 0 1  $ o  g e l a t i n  ( T a b l e  4 6  )
P o u r  s q u a r e  w a v e  p o l a r o g r a p h i c  p e a k s  h a d  n o w  b e e n  
d e t e c t e d  i n  a c e t i c  a c i d  m e d i a  w h i c h  d i d  n o t  c o n t a i n  
a d d i t i v e s  i n  t h e  f o r m  o f  s a l t s  o f  t h e  a c i d ,  o r  g e l a t i n .
B y  u s i n g  p u r e ,  n o r m a l ,a c e t i c  a c i d ,  i t  h a d  b e e n  
f o u n d  t o  b e  p r a c t i c a b l e  t o  e x t e n d  t h e  D . C .  v o l t a g e  s c a n  
t o  p o t e n t i a l s  w h i c h  w e r e  m o r e  n e g a t i v e  t h a n  t h o s e  w h i c h  
h a d  b e e n  s t u d i e d  b y  p r e v i o u s  i n v e s t i g a t o r s .
T h o s e  f o u r  p e a k s  h a v e  b e e n  l a b e l l e d  A H D  i n  t h e  
• s e q u e n c e  o f  i n c r e a s i n g  n e g a t i v e  p e a k  p o t e n t i a l s .
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TABLB:- 46
H A L F - W A V E  P O T E N T I A L S  R E C O R D E D  F O R  T H E  P O L A R O G R A P H I C  
R E D U C T I O N  O F  T R I V A L E N T  A N T I M O N Y  C O M P O U N D S  I N  A C E T A T E  M E D I A .
SUPPORT TNG- ELPOTPOLYTf. HALF-WAVE
POTENTIAL
( E i )
2
vs.
ACETIC
ACID
casein.
OTHER
CONSTITUENTS
52.
HAHIEBL CONC/N
S.C.E.
(Volts)
Glacial NH, Ac. 0.25M. 0.1 to 0.25
more 
negative 
than the 
values 
obtained in 
aqueous 
media
2M (NH, Ac .
( T*
(Gelatin
( 2 . 0
(0.01%
U.8
f-o.uoo
( - 0 . 5 9 3
1M |Na.Ac.
(Gelatin
(l.OM 
[0.001%
k.S -O.A
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2. Potentials
The characteristic potentials recorded for trivalent 
antimony in acetic acid solutions are given in Table 47.
It is noted that the potentials of the more positive 
peaks, A and B, were respectively *-0.1+5 and -0.55 volts 
vs. the S.C.E. at 25 - 0.1°C. These values were close to 
the half-wave potentials of the two waves previously 
recorded in 2M acetic acid containing 2M. ammonium 
acetate (-0.1+0 and -0.593 volts respectively).
It was also noted that the two waves were separated 
by only lOOmV in pure normal acetic acid, compared with 
193niV in 2N. acetic acid containing 2N. ammonium acetate 
and gelatin. (Table 47 )
The potentials of the two neY\r peaks C, and D, were 
respectively -1.01 and -1.13 volts vs. S.G.E. at 25 - 0.1°C.
These values showed a potential separation of 120mV», 
which was remarkably close to the potential separation 
of peaks A and B.
The small differences in potential of peaks A and B, 
compared with the D.C. half-wave potentials, indicates 
that the addition of ammonium acetate, and sodium acetate, 
produces a greater separation of the waves, by shifting 
the half-wave potential of B to a more negative value.
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TABLE: - 47
CHARACTERISTIC WAVE AND PEAK POTENTIALS RECORDED FOR 
TRIVALENT ANTIMONY IN ACETIC ACTE m i A .
OIL.
-PEAK
CHARACTERISTIC POTENTIALS 
vs. S.C.E. at 25 0 in 
Smport ing, Ele ctr olvt.es 
(a)(L) and (c)«
(a)
(Half-Wave)
(Volts)
/■ (t) > (Half-Wave)
(Volts)
(c) 
(Volts)
A -0.1+0 -0.1+0 -0.45
B No Wave -0.593 -0.55
C No Wave No Wave -1.01
» No Wave No Wave -1.13
SEPARATIONS
,EAIB&
(Volts)
0.10
0.12
QRQHP&
(Volts)
0.57
Notes: -
(a) 1M Acetic Acid; 1M Sodium Acetate; 
0.001% gelatine
(t>) 2M Acetic Acid; 2M Ammonium Acetate; 
0.01% gelatin.
(c) IN Acetic Acid.
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3. CURRENTS 
Peak A.
It was noted that reaction A produced a maximum 
interfacial conductance which was greater than the 
recorded values for each of the other three peaks.
It was of interest that reaction A also produced 
D.C. polarographic waves in 1M acetic acid containing 
1M Sodium acetate and 0.01^ gelatin? and in 2M acetic 
acid containing 2M ammonium acetate and 0.1^ gelatin.
Peak B .
‘n4' .T;he maximum incremental interfacini conductance 
of peak A is greater than that of peak B by a factor 
of 16,5 (Table 48),
TABLE: - 48
INCREMENTAL PEAK HEIG-HTS AND MAXIMUM INCREMENTAL 
INTERFACIAL CONDUCTANCES FOR TRIVALENT ANTIMONY IN
NORMAL ACETIC ACID MEDIA.
PEAR_OR IHGEEMEECAL
PER-P,.E,il^-Bb5+
(mm)
•Z .
EER^P^il^_Sfo£T 
(mhos x 10“ )^
MtlLTIELES 
Q5L MINHKIM
A 9.9
*
2.12 16.5
B 0,6 0.128 1.0
C 1.2 0.257 2.0
D k*h 0.9¥> 7.3
N«tes:
(a) Square-Wave Amplitude:- 2mV.
(b) Gain:- 5C$#
(c; Operating Current Calibration:- 
1mm. =* 0,211.1 x 10 mhos.
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H«wever wave B disappeared completely when using 
1M? acetic acid with 1M, sodium acetate and
0.001$ gelatin.
It appears therefore that the addition of 
1M. sodium acetate has an inhibiting influence on 
the reaction producing wave B, whereas ammonium 
acetate in the presence of 2M* acetic acid appears 
to favour the reaction.
Peaks C and D .
The magnitude of peak C is approximately one 
quarter of the height of peak D, but precisely double 
the height of peak B. This variability in the peak 
height of these three consecutive peaks may be 
attributable to variable numbers of electrons 
transferredtor to differences in the degrees of 
reversibility of the reactions.
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The validity of the second explanation is supported 
by the evidence deduced from the mean degrees of 
asymmetry (Table49 )0
TABLE;- 49
HALF-PEAK-HE IGHT LEG- SPAN DATA. AM) DEGREES OF ASYMMETRY
AKD IRREVERSIBILITY
PEAEL-QP
13HQI3LDEB
HALF„.EEAK.-rHElGHT
LEG__G£AHS
- i
DEG-^E^F
. .-...-....-.-..... . -.
DEGREE OF
OF ELECTRODE 
“TffiACTlOH+ JLEG 
(mm)
- LEG- 
(mm)
A 7.5 9.5 -1.27 Partly-Irreversible -
B 6.5 7.0 -1.08 Par tly-Irr ever s ible
C 3.7 5.8 -1.57 Semi -Irreversible
D 8.0 7.0 +1.15 Partly-Irreversib1e
Peak C exhibits a greater degree of asymmetry 
than any other peak? and is nearly greater than 
the asymmetry of peak D. It can be concluded from 
this data that the reaction producing peak C is 
semi-irreversible*
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It cannot "be fully—irreversible, as such reactions 
produce almost symmetrical square-wave peaks.
. Prom the symmetry data for the remaining peaks 
it can be concluded that Peaks A ? B, and D, are only 
partly-irreversible.
It is of interest that in the previous papers 
on the polarography of trivalent antimony compounds 
in acetic acid media, no reference was made to the 
order of reversibility of the two electrode reactions 
which had been previously detected*
* Values »f ”ni?.
Prom the values of the peak potential span at 
half-peak height, it was possible to determine the 
range of values for the numbers of electrons taking 
part in the reactions:—
HALF-PEAK-HBIGHT SPAN DATA .AND ELECTRON NUMBER RANGES
POR POLAROGRAPHIC REACTIONS INVOLVING TRIVALENT ANTIMONY
COMPOUNDS IN NORMAL ACETIC ACID MEDIA.
PEA1UQE-
SHOULDER HALP_EEAK-I
jnTnurri Q'DATVT 119 XLxri x ELECTRQN-NUMBERRANGE
(n)
(mm) (V»lts)
A 17,0 0*073 1-2
B 13,5 0.058 1-2
C 9.5 0.01+1 2-3
D 15.0 0.065 1-2
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It was noted that Peak C was not only representative 
of a semi-irreversible reaction, but also represented a 
reaction involving two or more electrons, whereas the 
other three peaks were representative of reactions 
involving fewer electrons.
It was noted that in the previous reports on this 
subject there were no references to the possible numbers 
of electrons involved in the electrode reactions responsible 
for the two polarographic waves previously detected*
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Part IX.
A study of the square-wave alternating-voltage nolarogra-phic 
•phenomena associated with trivalent antimony in Nitric Acid(l.
A. INTRODUCTION
1 * Number off Waves
Both Lingane ( 7 ), and Page and Robinson (2 ), 
had reported that a single wave was produced by 
trivalent antimony in Normal Nitric Acid.
However, a careful study of the polarogram for 
2*5 mM trivalent antimony in Normal Nitric Acid 
containing 0.01% gelatin, which had been reproduced by 
Kolthoff and Lingane (39 ) revealed a slight 
irregularity in the lower half of the wave.
The presence of this irregularity had not been 
mentioned by Kolthoff and Lingane, or by any other 
previous investigator*
The irregularity appeared to have a shape which 
was consist ant with the presence of a preceding wave, 
with a wave-height which was approximately one-quarter 
of the height of the main wave* In addition the slope 
was slightly steeper than the main wave slope, 
indicating either a greater degree of reversibility, 
or a larger number of electrons involved in the reaction
-365-
Tliis polarogram was found to be a reproduction of
i .
an earlier polarogram in a paper by Lingane ' (Pig,41 ) which 
also exhibited this irregularity* It was therefore 
considered to be desirable to investigate the nature, 
and characteristics, of this irregularity,.and to 
determine whether it was associated with reactions 
involving antimony.
Now the potential, at which this irregularity 
occurred appeared to be more positive than the half-wave 
potential of the main wave, and separated from it by 
less than 100 mV«
It was evident therefore that, with the aid of a 
polarograph having a resolving power superior to that 
of a L. C, polarograph, it might be possible to isolate 
this irregularity from tfce main wave, and to determine 
some of its polarographic characteristics„
It was known that waves having half-wave potentials 
closer than 100 mV. were not separable by D. C. 
polarography, whereas the Square-Wave Polarograph 
was reported to provide distinct peaks, under favourable 
conditions, even when the half-wave potentials were 
separated by as little as 25 mV.The square-wave polarograph 
would also permit an accurate determination of the half-wave 
potential of the main wave, and would consequently assist in 
investigating the discrepancy in the values of this potential 
reported by previous investigators.
ffig»4 1 sD«C•Polarogram for the reduction of 2.5 mM. tri-valent 
antimony in HNCU (1*0 N.) containing Q.01:$ gelatin.
120
o
o
|5JeVS. S.C.e., VOLTS
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2.* Half-Wave Potentials
In 1943 lingane had reported a value of -0.30 volts 
vs. the Saturated Calomel Electrode at 25°C, for the 
half-wave potential of the polarographic wave produced 
by a solution of trivalent antimony in IN. Nitric Acid 
containing 0*01$ gelatines maximum suppressor.
Page and Robinson had previously recorded in 1942, 
a value for the half-wave potential of -0.17 volts, 
which had been obtained under similar conditions, with 
the exception that a stronger gelatin concentration 
(0.1$) was used.
The existence of this discrepancy did not appear 
to have been reported in the literature, and only the 
lingane value of -0.30 volts had been mentioned in 
subsequent review publications by Ylcek(64 ), Milner 
(43 ), and Kolthoff and lingane (39 ).
Now a study of polarographic investigations 
performed in alkaline media had shown that the presence 
of gelat-in appeared to affect the value of the half­
wave potential for the reduction of trivalent antimony 
complexes in this media.
It was also known that the presence of gelatin 
could affect the magnitude of the recorded diffusion 
currents.
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It could therefore be inferred that the apparent 
discrepancy of 0,13 volts, between the recorded values 
for the half-wave potential of trivalent antimony, 
in normal nitric acid, might be associated with the 
presence of varying concentrations of gelatin.
Since the more negative half-wave potential 
(-0,30 volts) was recorded with the smaller 
concentration of gelatin, it would be expected that, in 
the absence of gelatin, the recorded half-wave potential 
would be even more negative.
This aspect was considered to be worthy of further 
study.
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3<> Research Programme
These studies were accordingly designed to provide 
the following information;-
A. Main Wave
(i) To determine the square-wave peak-potential 
for the main wave in the absence of gelatin, in order to 
identify the cause of the discrepancy between the values 
for the half-wave potentials reported by Lingane, and 
Page and Robinson.
(ii) To identify the primary characteristics of the 
reaction producing the peak, including its reversibility 
and the number of electrons involved. •
B. Irregularity jh Main Wave
(i) To determine the nature of the irregularity, 
which had been detected on the main wave in the 
polarograms previously published but the existence of 
which had not been previously reported.
(ii) To identify the primary characteristics of the 
irregularity and to determine whether it was associated 
with polarographic reactions involving antimony.
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^ B, EXPERIMENTAL PROCEDURE
Access was obtained to the Square-Wave Pobarograph 
which had been previously used for the studies in 
alkaline media.
The solutions to be used in these studies were 
prepared from the purest available grades of antimony 
trioxide and nitric acid. Deoxygenation was performed 
by passing nitrogen for 1$ minutes.
Maximum suppressors were not required when using 
the Square-Wave Polarograph and were therefore excluded 
from the solutions during these studies.
In order to obtain the maximum resolving power 
the antimony concentrations were maintained at the 
lowest level which was consistent with the production 
of polarograms for antimony, which were both identifiable 
and distinguishable from the peaks due to impurities 
remaining in the nitric acid.
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C. RESULTS
1 . General Ob s ervati ons.
Two polarographic'peaks were detected which were 
shown to be associated with reactions involving 
trivalent antimony* (Fig.42 ).
These peaks were close-coupled and were identified 
by the direct proportionality of their heights in 
response to changes in antimony concentrations* The 
polarograms displayed a large main peak which was well- 
formed, and a preceding small subsidiary peak* Both 
peaks were superimposed on humps caused by impurities 
remaining in the nitric acid*
The main peak ocurred at a more negative potential 
than the subsidiary peak*
The subsidiary peak was’- clearly defined and was 
therefore amenable to an accurate peak analysis.
The subsidiary peak possessed a well-defined 
positive arm but the negative arm blended into the 
positive arm of the main peak, and this continuity 
partly explains why the existence of this subsidiary 
peak had not been previously reported in the literature.
The peak potentials were separated by less than 
100 mV., and were therefore consistent" in this respect
is*,42* square-Wave interfacial-Conduotance Polarograms for the
o
-os
P O T E N T I A L  v s . rtgRct/fty-Poofc. .  ( V o l f s )
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with the potential separation between the half-wave 
potential of the main wave, and the potential of the 
irregularity discovered at the base of this wave, which 
had been noted in the D.C. polarograms reproduced in 
the. literature .
This potential separation of less than 100 mV. 
would be insufficient to permit a second wave, if 
present, to be isolated by D.C# polarography. Con­
sequently, it was only with the development of A.C. 
polarographic techniques that investigation of the 
nature of this irregularity became a practical 
possibility. The absence of previous reports on the 
existence of this irregularity is therefore explained.
The data extracted from the polarograms is 
assembled in Table ( 50):-
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p..
bxperiiibntal results of square-wave alternating current
POLAROGRAPHIC STUDIES OF TRIVALENT ANTIMONY COMPOUNDS
IN NORMAL NITRIC ACID.
1
.PEAK I 
IDENTIFICATION 
LETTER
„S'b3+
CONC'N
.PEAK
POTENTIAL
PEAK 9 
HEIGHT HEIGHT~ SPANS
vs.
..MERCURY 
. PQOiu. 1
LEGS ..PEAK.
(p.p.m.)
ELECTRODE
(Volts) (mm.)
+
(mm*) (mm.) (mm.)
A. 0 - 0 - - -
5 - 0 . 6 2 1 5 9 - ( 1 5 - 2 5 ) 3
1 0 - 0 . 6 3 3 0 9 - ( 1 5 - 2 5 ) 3
B. 0 - 0 - - —
5 - 0 . 7  0 ! 7 3j - 1 2 -
1 0 - 0 . 7 2 1 2 + 6 1 5 1 2 2 7
........ - ________ __________
Notes
1. Potential of the Mercury Pool Electrgde 
vs. S.G.E. was +0*1503 volts at 25 C,
2* (Square-Wave Amplitude - 2mV; Gain=0.5;
( Factor 5=Puelo
(The operating current-calihration wasjg 
( lmm.= 21.h x 10”" mhos/cm .
3. Estimated range limits.
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D. DISCUSSION
The polarographic data extracted from the 
polarograms has been analysed in Tables (51 ) and (52 )*
TABLE;-51
PREMINARY EVALUATION OF POLAROGRAM CHARACTERISTICS
j
P E A K Sh^+ 
C O N C !N
p.p.m.
P E A K
P O T E N T I A L
vs,
S o C . E o
M A X I M U M  
mhos xllcT"^
H A L F .  -PEAK.. H E I G H T . 
- D A T A
D E G R E E
O F
S Y M M E T R Y
P E A K
S P A N
(Volts) (Volts)
A ( 0 - 0 - -
( 5 -0,47 3 * 2 - (A5-90)
(10 -0,U8 6.I4.
/
- (U5-90)
B ! 0 — 0 —
( 5 -0.55 15-6 - (0.095)
(10 -0.57 31.2 1.25 (0.095)
-374-
TABLE;- 52.
ANALYSIS OF POLARQORAPHIC CHARACTERISTICS.
Sb-** PEAR 
-OONClN
"MAXIMUM 
INTERRACIAL 
CONDUCT ANCE OF
RATIO
(Volts)
1-2
0.080
1-210
U.86 0.090
SEMI
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(i) Interpretation of Beak-Height Lata.
Peaks A and B were both absent from the polarograms recorded 
with the supporting electrolyte but appear in the presence of 
antimony. Consequently, the irregularity detected in the B.C. 
polarograms appeared to be an incompletely-formed subsidiary 
wave occurring before the main wave.
The heights of both peaks are directly proportional to the
concentration of trivalent antimony, and it could therefore be 
concluded that both peaks are formed by reactions involving 
antimony compounds.
(ii) Interpretation of Beak-potential data.
The values for the peak potentials.differ slightly from the 
half-wave potentials recorded by Lingane. A study of these 
potentials has shown that the peak and half-wave potentials 
vary with the gelatin concentration in a logarithmic manner.
It was also apparent that the potentials of the subsidiary
peak or wave are less affected by gelatin than the potentials
of the main wave or peak. This data provides additional evidence 
in support of the contention that the identity of the D#C# main 
peak irregularity is a distinct polarographic wave, subsidiary 
to, and preceding the main wave, and produced by an electrode 
reaction involving trivalent antimony compounds formed in 
nitric acid media.
(iii) Interpretation of Peak Span Data*
The reactions producing 'peak *Bf involve«only one Electron 
whereas the subsidiary peak appears to be produced by reactions 
involving one or two electrons.
E. CONCLUSIONS
(1). It was concluded, from the evidence obtained by 
these studies, that the. irregularity observed at the 
base of the wave published by Lingane was in fact a 
second polarographic wave, which Was coupled to the 
main wave, with a potential separation of 80-90 mV*, 
and therefore could only be isolated by high- 
resolution polarography. This second wave preceded the 
main wave.
(2). The subsidiary wave appeared to be characteristic 
of a reaction which was slightly more reversible than 
the main wave, and probably involved more than one 
electron.
(3). The discrepancy between the half-wave potentials 
reported by Lingane, and Page and Robinson, had been 
shown to be. consistent with changes in the gelatin 
concentration.
(k) • The magnitudes of the Square-Wave peak potentials 
for the subsidiary and main peaks for trivalent 
antimony in normal nitric acid, in the. absence of any 
maximum suppressor, had been determined.
The corrected values were as follows:-
Main Peak:-- 0.56 volts: vs. S.C*E* at 25-0.1°C.
Subsidiary Peak; 0.U7 volts vs. S.C.E. at 25*0.i°C.
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SECTION 4.
Summary and Conclusion.
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A study of previous investigations into the polarographic 
behaviour of antimony compounds has revealed a number of gaps 
and inconsistencies in existing knowledge of the subject.
These investigations have been reviewed in Section 1 of this 
work, and critically discussed in Section 2.
The conclusion drawn from these discussions have been applied 
to practical studies of the polarographic behaviour of antimony 
compounds reported in Section 3.
The importance of a high degree of purity^in the quality of 
the mercury used for polarographic electrodes^has been revealed 
by experimental studies of the influence of electrode-mercury 
impurities on polarographic phenomena,reported in Section 3,part 2.
In KCI (1.0 N.),peak heights increased by up to 30% when 
impure mercury was used instead of pure mercury in the D.M.K. 
and/or the Pool Electrode. The effect of impurities was greater 
when in the than when in the Pool mercury.
In HWOg (1.0 N*).peak heights increased by up to 65^ when 
using mercury in the D.M.E. The effects of changes in the Pool 
mercury were not so pronounced as with KCI.
In KOI, the peak potentials moved in a more negative direction 
when impure mercury was used in place of pure mercury in the D.M.ET 
and/or the Pool electrode, the potential shifts being of similar 
magnitude for each change of mercury quality in the two electrodes, 
In addition, the Half-Peak Potential-Spans were increased by up to 
15^ with impure mercury in either or both of the -electrodes.
-379-
Pour possible mechanisms are suggested by which errors in 
these studies of the polarographic behaviour of antimony compounds# 
could arise, due to impurities in the mercury used for the 
electrodes.
It was suggested that these errors would be exposed in 
applying the available theoretical polarographic relationships to 
the results of these studies.
The nature of the more common impurities in mercury,together
with their properties and methods for their detection and removal,
have been investigated. These studies,reported in Section 3,*
Part III,led to the formulation of an optimum procedure for
testing and purifying mercury to be used for the polarographic
-9
studies. A standard of purity of 5 x 10 M.as the maximum 
concentration of interfering metal impurities in mercury,was 
considered to be achieved by the purification process,
In Section 3,Part IV. experimental studies have shown that by 
using mercury,for the electrodes,which has been purified by these 
procedures,it is possible to obtain a coupled anodic/cathodia 
wave for trivalent antimony in Normal alkaline media which is free 
from the distortions and interfering waves previously reported in 
the literature. A study of these waves showed that the ratio, of 
the fn f values from diffusion current data was 3:2, whereas the 
value derived from the reciprocal slopes of the log. plots was 
3:4.
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The interpretation of this data was facilitated by the 
introduction of a factor,which may be called an*Irreversibility? 
factor, which may be defined as the ratio of the magnitudes of 
dependent linear parameters representing the reaction studied^ 
and an equivalent reversible reaction.
This 1Irreversibility * factor was found to be of considerable 
value in permitting initial comparisons of experimental data 
connected with reversibilities, and was used throughout these 
studies with some measure of success.
The nature of the reversibilities of the reactions producing 
the coupled anodic/cathodic wave for trivalent antimony in 
alkaline media was studied by the sinusoidal alternating 
current technique-*Oscillographic Polaroscopy1. This cons tant- 
current,variable-potential technique confirmed the 
irreversibility of the cathodic wave,by the absence of an ■ 
anodic incision at the potential of the cathodic incision.
The production of an equivalent anodic reaction at a more 
positive potential,with an identical area factor,indicated that 
the irreversibility was probably caused by a slow electrode 
reaction rather than by a slow chemical .reaction preceding the 
electrode reaction.
The production of a small anodic incision at a potential 
preceding the incision representing the anodic oxidation reaction 
of trivalent antimony in normal alkaline media, was considered to 
Indicate the possibility of an anodic reaction involving the
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products from the cathodic reaction.lt appeared that this 
anodic reaction may he irreversible due to the occurrence of 
a slow preceding chemical reaction,and it is suggested that since 
this anodic reaction only required one quarter of the number of 
electrons required for the main anodic reaction,the chemical}, 
reaction might involve both antimony amalgam and the alkaline . 
medium.
A sequence of outline reaction mechanisms which were consistent 
with the polarographic evidence was suggested as follows:
3 +Electrode Reaction-Cathodic- Sb complex A  >Sb amalgam.
Coupled
Chemical Reaction- Sb amalgam  ^Sb complex B.
^Electrode Reaction-Anodic - Sb^+complex B-- ^Sb +complex C.
3+ 5+ 1Electrode Reaction-Anodic - Sb complex A---^Sb complex A •
t-,-, ' ' „ , . f n • /Sb^+complex C-- >Sb^+complex A?-.
Electrode Reaction-Anodic ama£gam_  ^ sb5+complex A1.
Further evidence on the nature of these reactions was sought 
by the application of additional polarographic techniques.
The Sinusoidal Alternating-Voltage ’Bhase-Selective1 System 
provided for the main coupled anodic/cathodic waves an apparent 
1Irreversibility’factor identical in magnitude with that obtained 
by D.C* polarography, and having a value of 0.5. The cathodic 
reaction appeared to be classifiable as ’semi* irreversible, 
so that although the electrode reaction still made a contribution 
to the peak-height,the variation with potential of the mean 
concentration of the reactant at the electrode surface was 
influenced by the irreversibility#
-382-
This conclusion was further supported by the evidence regarding 
the symmetry of the peak; whereas the anodic peak was nearly 
symmetrical, the negative-arm potential-spread of the 
cathodic peak was 30f° grepter than the positive-arm spread, at 
the half-peak height*
The conclusion was confirmed by the ful]/£>otential-spread at 
half-peak height being much greater than the equivalent value 
for reversible reactions, and an ’Irreversibility* factor of 
only 0.37 was given, on this evidence.
Similar evidence was provided by the square-wave alternating- 
voltageycontinuous-application,technique•
The application to these studies of the linear-sweep,single­
sweep, oscillographic technique confirmed the existence of the 
multiple reactions which had been indicated by the Oscillographic 
Polaroscopy technique. These studies are reported in Section3, 
Parts V and VI.
In Section 3,Part VII, it has been shown that Normal 
Hydrofluoric acid can serve as a very satisfactory, supporting 
electrolyte for polarographic studies. For this work it was 
necessary to design and construct a new type of cell unit with 
polarisable and non-polarisable electrodes,suitable for use with 
this media. The opportunity was taken of incorporating an 
electrode of constant surface area, and with a renewable surface, 
in order to avoid the disturbances associated with the increasing 
surface area of the normal D.M.E.
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Studies ^ with this ’Flowing-Mercury * Electrode System,into the I 
polarographic "behaviour of trivalent and pentavalent antimony I1
compounds in hydrofluoric acid, revealed multiple polarographic 
square-wave peaks for each species. i
An irreversible peak for tri-valent antimony,which occurred 
at a potential where the base-line fcr the medium was not 
exhibiting a marked slope, showed some proportionality of peak- 
height with antimony concentration. This reaction appeared to 
involve only one electron,in contrast to many of the other peaks 
for antimony in hydrofluoric acid which appeared to require 
three or more electrons.
The magnitude of the pool-reference electrode potential was 
determined in normal hydrofluoric acid to be +0.160 V. vs. S.G.E. 
which shows conformity with the trend from iodide media,through 
bromide to chloride media.
The characteristics of the flowing-mercury electrode were 
determined previously, using hydrochloric acid media, and the 
effects of changes in the geometry of the electrode ascertained. 
This work has already been published and reprints are enclosed 
with this Thsesis.
The work described in Section 3,Part VIII, is concerned with 
the study of square-wave|alternating-voltage polarographic phenomena 
associated with trivalent antimony in Normal acetic acid media.
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Although previous investigators had reported the existence of 
only one wave in molar acid containing sodium acetate, and two 
waves in 2 M. acetic acid containing ammonium acetate,these- studies 
had shown that four peaks were produced in M. acetic acid without 
additives. Gelatin had been used by each of the previous 
investigators but was not used in these studies.
In previous investigations in this media ?by other workers, 
no reference to the nature of the reactions ?or the reversibiMties; 
was detected.,nor to the numbers of electrons involved;
Two of the peaks detected in these studies conform7in respect 
of pot ential; with the two waves previously observed. The two new 
peaks occur at -1.01 and -1.13 V. vs.S.C.E. at 25 i 0.1°C.
From the potential separation data,it can be concluded that 
the addition of ammonium and sodium acetates produce greater 
separations of the other two waves occurring at -0.45 V.and -0.55V* 
respectively in pure acetic acid.
The peak at -1.13 V. is approximately 50^ of the height",of the 
most positive peak, while the other two peaks,at -0.55 and -1.01 
are 1/16 andl/8 respectively of the most positive peak height.
From the asymmetry and peak-height data, it appears that 
all the electrode reactions are partly-irreversible,except the 
reaction at -1*01 V which is semi-irreversible. In this context 
’partly’ irreversible signifies that the variation with potential 
of the mean concentration of the reacting species at the electrode 
'surface is not appreciably affected by the irreversibility
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The ’n ’values have been determined for each reaction, and 
although in general the reactions involve only one or two 
electrons, the reaction at -1.01 volts,which is semi-irreversible 
requires up to 3 electrons.
In Section 3,Part IX, a study is made of a very slight 
irregularity which has been detected in the published 
polarograms for the reduction of trivalent antimony in 
nitric acid (l.O N.). These studies have revealed that thi$ 
irregularity is in fact a pre-wave, with a height of 25^ of the 
main wave. The pre-wave is more reversible than the main wave.
The presence of this irregularity had not been previously 
reported, and since the potential separation was less than 
100mV.it is doubtful whether B.C. polarography would permit a 
separation of these waves..Consequently the absence of previous 
studies of this irregularity is explained.
Both peaks are proportional to the concentration of antimony 
and the peak potentials appear to move in a positive direction 
with increase in gelatin concentration accading to a logarithmic 
law.
The pre-wave probably involved more than one electron, while 
the main wave could be characterised as’Semi’ irreversible.
The half-wave potentials were -0.47 and -0.56 V.vs. S.C.E. 
at 25°C. respectively for the subsidiary and main peaks*
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R e f e r e n c e s
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( 1 • B a y e r l e , R e e .  P r a v .  c h i m * .  , 1 9 2 5 4 4 , 5 1 4 . *
(2 * P a g e  a n d  R o b i n s o n , J .  S o c .  C h e m .  I n d . 1 9 4 2 6 1 , 9 3 .
( 3 . K o l t h o f f  a n d  P r o b s t , A n a l y t , C h e m • 1 9 4 9 2 1 , 7 5 3 .
( 4 • B r e y e r  e t  a l . A u s t r a l , J . S c i . R e s . 1 9 5 0 A 3 , 5 : 6 7 .
( 5 . C o z z i  a n d  Y i v a r e l l i , A n a l y t .  C h i m .  A c t a . 1 9 5 0 4 , 3 0 0 .
( 6 . C o z z i , A n a l y t .  C h i m .  A c t a . 1 9 5 0 4 , 2 0 4 .
( 7 . L i n g a n e , I n d . E n g . C h e m . , A n a l . B d n . 1 9 4 3 1 5 , 5 8 3 .
( 8 • L i n g a n e  a n d  N i s h i d a , J . A m e r . C h e m . S o c . 1 9 4 ? 6 9 , 5 3 0 .
( 9 • K r a u s  a n d  N o v a k , L i e  C h e m i e . 1 9 4 3 5 6 , 3 0 2 .
o—
s.
H O • B r o w n  a n d  S w i f t , J . A m e r . C h e m . S o c . 1 9 4 9 7 1 , 2 7 1 9
( i i • K a c i r k o v a , C o l l . C z e c h . C h e m . C o m m . 1 9 2 9 1 , 4 7 7 .
( 1 2 • B r e y e r  e t  a l . A u s t r a l . J . S c i . R e s . 1 9 5 1 A 4 , 5 9 5 .
( 1 3 . S u c h y  • C o l l . C z e c h . C h e m . C o m m . 1 9 3 1 3 , 3 5 4 .
( 1 4 „ K e l t  h o  .ff a n d  L i n g a n e P o l a r o g r a p h y  * N e w  Y o r k . 1 9 4 1 2 6 2 .
( 1 5 • G o o d w i n  a n d  P a g e , B i o c h e m . J . 1 9 4 3 3 7 , 1 ? 8 ,
( 1 6 . O f f u t t  a n d  S o r g , A n a l y t . C h e m . 1 9 5 0 2 2 , 1 2 3 4
( 1 ? • P a g e , J .P h a r m .P h a r m a c o l • 1 9 5 2 4 , /  1 .
( 1 8 • L e w i s  a n d  G r i f f i t h s , A n a l y s t • 1 9 5 1 7 6 , 3 8 8 .
( 1 9 • P o r t n o v  a n d  P o v e l k i n a , Z h u r  . A n a l y t  . K h i m . 1 9 4 8 3 ,  8 5 .
( 2 0 • H e y r o v s k y  a n d  I l k o v i c ,C o l l • C z e c h . C h e m . C o m m , 1 9 3 5 7 ,  3 8 1 .
( 2 1 . K o n o p i k . M o n a t s h . 1 9 5 0 8 1 , 7 7 8 .
( 2 2 • P o u c h e r e  a n d  S o u c h a y . B u l l . S o c . c h i m .P r a n c e • 1 9 4 9 1 6 , 7 2 2 .
( 2 3 . B a c k m a n  a n d  A s t l e . J . A m e r . C h e m . S o c . 1 9 4 2 6 4 , 1 3 0 3
( 2 4 • L e s e s a  e t  a l . A n a l y t . C h e m . 1 9 5 3 2 5 , 9 8 3 .
( 2 5 . H e y r o v s k y . L i s c u s s . P a r a d a y  S o c . 1 9 4 ? 1 , 2 1 2 .
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( 2 6 • L o v e l a n d  a n d  E l v i n g . C h e m .  R e v . 1 9 5 2 , 5 1 , 6 7
( 2 7 • l o c k s t e i n , C o l l . C z  e c h . C h e m . C o m m . 1 9 5 1 , 1 6 , 1 0 1 .
✓—
s
ro GO K o n o p i k  a n d  W e r n e r , M o n a t s h * 1 9 5 0 , 8 1 , 1 1 5 9 .
( 2 8 ♦ H a i g h t , J h A m e r  . C h e m .  S o c . 1 9 5 3 , 7 5 , 3 8 4 8 .
( 3 0 • V i v a r e l l i , A n a l y t . C h i m .  A c t a . 1 9 5 2 ,  6 , 3 7 9 .
( 3 1 • C o z z i  a n d  V i v a r e l l i . A n a l y t .C h i m . A c t a . 1 9 5 1 ,  5 , 2 1 5 .
( 3 2 W e r n e r  a n d  K o n o p i k . M o n a t s h . 1 9 5 2 , 8 3 , 6 8 4 .
( 3 3 • H o u r i g a n , A n a l y s t . 1 9 4 6 , 7 1 , 5 2 4 .
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A New Electrode for Polarography
P o l a r o g r a p h y  in  h y d ro flu o r ic  a c id  m e d ia  h as  
rece iv ed  lit tle  a tten tio n  in  th e  p a s t  o w in g  to  th e  la ck  o f  
su ita b le  m a ter ia l w ith  w h ic h  to  c o n stru c t d ro p p in g  
m ercu ry  e lectro d es . C l i f f o r d  an d  B a l o g 1 a ttem p ted  
to  u se  p o ly tr iflu o r o ch lo re th y len e  b u t th e  resu lt in g  c a p il­
lary  fa iled  to  g iv e  a  rep ro d u c ib le  d rop  tim e. S a r g e n t ,  
C l i f f o r d  a n d  L em m on2 resorted  to  ro ta tin g  p la tin u m  
a n d  n ick e l m icro -e lec tro d es  a lth o u g h  th e  p o la ro g r a p h ic  
p h en o m e n a  a sso c ia te d  w ith  so lid  r o ta tin g  m ic r o ­
e lec tro d es  h a v e  y e t  to  b e  su b jec ted  to  a  sa tis fa c to ry  
m a th em a tic a l in terp reta tio n .
Figure 1. Polarographic cell with mercury 
pool anode and continuously renewable 
cathode
Other types of electrodes have been designed by 
S im o n n in  and Q u in t in 3, L e v e q u e 4, C o o k e 5, L ee 6, and 
S t r e u l i  and C o o k e 7, but appeared to be unsuitable for 
accurate work in hydrofluoric acid. It was evident that a 
new approach to the problem of electrode design for use 
in this medium was required.
A suitable polarizable electrode has therefore been 
developed possessing the constant surface area and 
renewable surface characteristics of the Heyrovsky 
streaming mercury electrode combined with the economi­
cal mercury consumption of the dropping mercury 
electrode. The electrode {Figure 1) consists of a column 
of mercury contained within a vertical polyethylene tube ; 
the surface layer of the column is continuously renewed 
by a stream of pure mercury issuing from an internal 
supply tube. Control of the mercury flow is exercised 
by means of an orthodox glass dropping electrode 
assembly {Figures 2 and 3).
A l'
Figure 2. Arrangement o f  dropping mercury 
electrode assembly, amalgam reservoir 
and polarographic cell
Figure 3. M ercury supply tube enters the 
electrode tube at the junction with the amal­
gam  reservoir
2-05 ttlM Sb
30
0 -0-1-0-2 0 -0-1-0-2 0  - 0-1-0-2
E vs Hg pool anode volt
Figure 4 . Influence o f  ■ concentration o f  
reducible ion on the polarographic waves 
fo r  solutions o f Sb203 in I N  HC1
Reproducible diffusion currents are obtained and the 
formation of maxima can be prevented, thus rendering 
unnecessary the addition of maxima suppressors; 
oxygen interferes however and must be removed. Wave 
heights are proportional to the concentration of the 
reducible ions (Figure 4 ) . The electrode and cell are 
constructed throughout in polyethylene for use with 
hydrofluoric acid media.
A paper is in preparation giving full details of the elec­
trode and of its characteristics.
V. S. G r i f f i t h s  
W. J. P a r k e r
Chemistry Department 
Battersea Polytechnic 
London, S .W . l l
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THE FLOWING MERCURY ELECTRODE IN POLAROGRAPHY. PART I
by
j V. S. GRIFFITHS and W. J. PARKER*
| Battersea Polytechnic, London (England)
1
Polarographic studies in hydrofluoric acid media were first reported by Clifford 
and Balog1 in 1951. These investigators prepared a dropping mercury electrode 
from a rod of polytrifluorochlorethylene by drilling, softening and drawing down to 
size on a 0.03 m m  tungsten wire mandrel. Considerable difficulty was experienced in 
carrying out this , process and the resulting capillary failed to give a consistently 
reproducible drop time, tending to produce a spray rather than discrete mercury drops. 
An alternative electrode was prepared consisting of a platinum tube of small bore 
] embedded in a sheath of polytrifluorochlorethylene.This electrode also failed to yield 
I a consistently reproducible drop time and furthermore possessed some of the under 
] sirable features of. noble metal electrodes. Nevertheless, the practicability of using 
j  rotating micro-electrodes of platinum and nickel in hydrofluoric acid media was 
j subsequently explored by Sargent, Clifford and Lemmon2 in 1953 with some 
measure of success. However the polarographic phenomena associated with solid 
microelectrodes have yet to be subjected to a satisfactory mathematical interpre­
tation; a new approach to the problem of electrode design for hydrofluoric acid 
media was therefore attempted by the authors.
A small number of dropping electrode capillaries were prepared by drawing down 
in a flame standard polyethylene tubing of of 12 m m  bore, 6 m m  wall. This tech­
nique yielded a number of serviceable electrodes giving reproducible drop times initially, 
J but after a period of use these electrodes tended to develop drop times which were 
] both extended and erratic. Capillaries having walls of varying lengths and thickness 
| were prepared and tested, but the tendency for lengthening of the drop time ap- 
1 peared to be independent of the dimensions of the capillary wall. The persistence 
■ of the erratic behaviour led to the abandonment of further development work 
; on polyethylene dropping mercury electrodes, and attention was focussed on the 
Heyrovsky streaming mercury electrode3 as a possible alternative. The design 
of this electrode was particularly attractive for hydrofluoric acid polarography since 
the mercury nozzle could be readily fabricated in polyethylene or polytrifluorochlor- 
ethylene. However, the stirring of the solution caused by the passage of the jet 
of mercury, together with the heavy mercury consumption, were factors which could 
not be ignored in assessing the potentialities of the streaming mercury electrode.
* Present address: Polarograptuc Research Laboratory, Cambridge Instrument Company Ltd.,
; Cambridge (England).
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Fig. 1. P o larograph ic  cell w ith  
flowing m ercu ry  cathode.
F ig. 2. G eneral a rran g em en t of po la ­
rograph ic  cell, am algam  reservo ir an d  
d ropp ing  m ercu ry  electrode assem bly.
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Consideration was also given to other types of 
electrodes; but no design yet published was found 
to be entirely suitable for accurate fundamental 
polarographic studies in hydrofluoric acid media. 
S im o n n in  a n d  Q u i n t i n 4 had employed a mer­
cury column renewed by a succession of mercury 
drops falling from a capillary; L e v e q u e 5 had 
allowed mercury to flow down the surface of an 
amalgamated platinum wire; C o o k e 6 used an 
amalgamated silver wire which was rotated at 
high speed; L e e 7 had devised a rotating mercury 
electrode, while S t r e u l i  a n d  C o o k e 8 had studied 
the characteristics of the stationary mercury 
pool electrode. The design of the latter electrode 
seemed particularly suitable at first but unfor­
tunately the diffusion layer tended to increase 
in thickness with time and, of course, the surface 
of the mercury pool was not renewed.
It was therefore decided that an attempt 
should be made to design a new electrode suit­
able for use in hydrofluoric acid media and 
combining the advantages of the streaming 
and dropping mercury electrodes. It was felt that 
such an electrode should possess a constant sur­
face area but with a renewable surface; the mer­
cury consumption should be economical and the 
movement at the mercury-electrolyte interface 
should be as small as possible. Simplicity of 
design was essential in order that the electrode 
could readily be fabricated in polyethylene or 
polytrifluorochlorethylene. To simplify the 
mathematical interpretation of the polarographic 
waves it was considered desirable that the redu­
cible ionic species should reach the electrode by 
diffusion only, unassisted by stirring or con­
vection currents. The requirement of a renewable 
surface restricted the choice of electronic conduc­
tor to mercury or amalgam; mercury was selected 
for the initial design. A  constant surface area could 
be assured by containing the mercury within an 
open vertical tube of uniform bore; in order 
that the surface layer of the mercury should be 
renewed with the minimum disturbance the fresh 
mercury would be supplied from a source located 
within the mercury column. These considerations 
led to the development of the electrode in Fig. 1, 
known as the flowing mercury electrode9.
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Fig. 3. A rrangem ent of th e  m ercm y  supply  
tu b e  w ith in  th e  electrode tu b e  a t  th e  
jun c tio n  w ith  th e  am algam  reservoir.
DESCRIPTION OF ELECTRODE
A colum n of m ercu ry  is con ta ined  w ith in  
a vertical po lyethy lene  tu b e  of 2 m m  bore,
0.5 m m  w all th ickness. T he surface lay er of 
the colum n is con tinuously  renew ed b y  m eans 
of a stream  of pure  m ercu ry  issuing from  an 
in ternal supp ly  tu b e  of 0.5 m m  bore, 0.25 m m  
wall th ickness. C ontrol of th e  fresh m ercury  
supply is exercised b y  m eans of an  o rthodox  
glass d ropp ing  m ercu ry  electrode assem bly 
(Fig. 2) from  w hich m ercu ry  flows a t  th e  desir­
ed ra te  in to  a funnel connected  to  th e  in te rn al 
supply tu b e  (Fig. 3). A pressure  head  in  th e  
funnel of ap p ro x im ate ly  10 m m  H g  is suffici­
ent to  p roduce th e  requ ired  ra te  of flow  of 
m ercury th ro u g h  th e  in te rn a l sup p ly  tu b e  to  
the electrode surface. T he displaced am algam  
passes th ro u g h  th e  an n u la r space surrounding 
the in te rn a l supp ly  tu b e  an d  finally  re tu rn s 
to a reservoir of large surface area. T he p o ten ­
tia l of th e  polarizable electrode is applied  
by m eans of a p la tin u m  wire in  co n tac t w ith  
the am algam  in  th e  reservoir.
The non-polarisable  electrode consists of a 
m ercury pool in  th e  base of a  po lyethy lene cell .
surrounding th e  polarizable electrode. T he pool p o ten tia l is applied b y  m eans of a  p la tin u m  wire 
inserted th ro u g h  th e  cell base. An a lte rn a tiv e  cell h as also been designed w hich perm its th e  use 
of s tan d ard  reference electrodes.
The polarizable electrode functions most effectively when the periphery of the 
mercury meniscus is close to or level with the top of the electrode tube; the diffusion 
currents are then invariant with time, thus conforming with the condition for spheri­
cal diffusion. On the other hand if the meniscus is withdrawn to a depth of 2 cm or 
more below the rim of the electrode tube, i+ is found that the diffusion currents
decrease with time in a hyperbolic 
manner suggesting that under these 
conditions the diffusion may be 
linear in character (Fig. 4).
The height of the column of mer­
cury in the electrode tube is governed 
partly by the level of the amalgam 
in the reservoir and partly by the 
rate of supply of fresh mercury. The 
rate of supply of fresh mercury is 
equal to the rate at which mercury 
issues from the dropping mercury 
electrode; this rate is reasonably 
constant and normally produces a 
kinetic head at the electrode of 
i1/2 m m  Hg. Thus mercury height 
control may be exercised solely by 
adjustment of the height of the 
reservoir. In practice accurate control 
is more conveniently obtained by
j
1
E vs Hg pool anode-volts
Fig. 4. Influence of m eniscus position  on th e  
diffusion cu rre n t for 2.05 m M  S b + 3 in  
no rm al hydroch loric  acid.
(a) Shielded m eniscus. — L inear diffusion 
curve.
! (b) E x posed  m eniscus. — Spherical d iffu­
sion p la teau .
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adjustment of the height of the electrode and cell with respect to the reservoir by 
means of a micrometer screw attached to the cell mounting. The reservoir has a 
surface area of 236 sq.cm, and affords adequate capacity for amalgam thus 
effectively preventing any significant change in meniscus level at the electrode. 
The cell has a remarkably low resistance of the order of tens of ohms.
The top of the feed tube is normally positioned i 1/^  m m  below the crown of the menis­
cus; if the feed tube is withdrawn below this level the diffusion currents develop 
pronounced maxima. These maxima progressively disappear when the feed tube 
is gradually restored to its normal position (Fig. 5).
1.5 mmn2mm\}3mm'5mm
... 0 -0.1 -0.2 
E vs Hg pool anode-volts
0 - 0.1 - 0.2 0 - 0.1 - 0.20 -0.1 -0.2
Fig . 5. Influence of position  of feed tu b e  on th e  diffusion cu rren t for 2.05 m M  S b + 3 in  normal 
hydroch loric  acid. D iffusion c u rren t curves p roduced  w ith  H g  feed tu b e  a t  varying 
d e p th  below  m eniscus.
RESULTS
The polarographic waves obtained with air-free solutions of antimony trioxide 
in normal hydrochloric acid are found to be reproducible (Fig. 6). The waves are 
similarly shaped to those obtained with the dropping mercury electrode. Furthermore 
' the continuous character of the mercury feed permits the waves to be 
recorded as smooth curves without the oscillations which characterise the waves 
obtained at the dropping mercury electrode. Oxygen interferes and must be removed 
from the solution by passing oxygen-free nitrogen for 1:5 minutes.
80
0 -0.1 -0.2-0.3-OU 0 -0.1 -0.2 -0.3-0.4 0 -o.l-0.2 -03-OA 0 -0.1 -0.2-0.3-0.4 0 -01-0.2-03-04-05
1 E vs Hg pool anode-volts
500300Time - seconds 400200100
Fig. 6. R eproducib ility  of diffusion cu rren t. P o larogram s for 2.2 m M  S b + 3 in  norm al hydro­
chloric acid.
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Polarographic waves for solutions 
of varying antimony concentration9 
are shown in Fig. 7. A plot of the 
wave height against concentration 
shows a linear relationship (Fig. 8) 
j indicating that diffusion currents 
are proportional to the concentra­
tion of the trivalent antimony ion. 
The log plot of the wave yields a' 
) straight line having a reciprocal 
; slope of 0.020 volts, the theoretical 
j value for a 3-electron reduction, 
j indicating that at a flowing mercury 
electrode trivalent antimony is rever- 
I sibly reduced (Fig. 9). The half wave 
i potential of — -0.16 volts measured 
| against the mercury pool anode 
I agrees with the values obtained by 
I other workers for the reduction of 
| trivalent antimony in normal hydro­
chloric acid using the dropping 
i mercury electro de10-18.
■i It might be expected that elec- 
| tro-capillarity at the flowing mer- 
1 cury electrode would manifest itself 
by a vertical displacement of the 
mercury meniscus during the appli- 
| cation of a varying potential. This 
aspect has accordingly been investi- 
- gated with the aid of a travelling 
microscope, over the applied nega­
tive potential range 0 -2.6 volts 
! against the mercury pool anode with 
solutions of lead nitrate of 1 m M  and 
j 0.5 m M  strength. Comparative tests 
I were also carried out with no flow of
I mercury at the electrode. In each
case ten tests were carried out over 
the full voltage range, five tests being 
\ run with increasing negative poten- 
! tial and five with decreasing poten- 
1 tial. The variation between tests of
\ a similar kind was found to be insig-
j nificant; the results have been 
averaged and the mean values 
1 are shown plotted against potential 
\ in Fig 10. At potentials below 0.2 volts 
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3 70 
g60
2.05 mM Sb'
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0.1 0.2 0.3I 0.1 0.2 0.3 0.1 0.2 0.3
E vs Hg pooI anode - volts
Fig. 7. Influence of concen tra tion  of reducible 
ion on th e  diffusion cu rren t for so lu tions 
of Sb203 in  norm al hydrochloric  acid.
•S 45
5 30
0.5 1.0 1.5 2.0
Sb+J millimoles per litre
2.5
Fig. 8. C oncentration-D iffusion cu rren t re la tio n  
ship for th e  po larograph ic  w aves show n 
in Fig. 7.
0.162 v
0.5
-Theoretical
-0.5
- 1.0
Slope0.020 v
-0.13 -0.14
-0342 -0.162
E vs Hg pool anode-volts
%
Fig. 9. P lo t of log  ------  for th e  reversible reduction2d 2
of S b + 3 in  norm al hydrochloric  acid a t  th e  
th e  flowing m ercury  electrode.
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che displacement of the meniscus 
is insignificant but at potentials 
approaching 0.5 volts the vertical 
displacement approaches 1 m m  
in magnitude. It will be noted that 
the shape of the curves reflects 
the electro-capillary curve for 
mercury. :
The effect of repeated polarogra­
phic reduction at a stationary mer­
cury surface has also been investig­
ated. The resulting current-voltage 
curves are shown in Fig. 11. As would 
be expected these curves have a 
similar shape to the curve obtained 
with mercury flowing but with the 
feed tube withdrawn to a depth of 
5 m m  below the electrode surface 
(Fig. 6). It is significant that, after a series of five runs with a static mercury
surface, the current maximum increased in magnitude by over 20%  but that a
change of surface produced a restoration of the maximum current to the initial 
value once more.
The polarograms recorded in this paper were obtained with a Cambridge 
Photographic Recording Polarograph. Polarographic studies in fluoride media 
with the flowing mercury electrode are proceeding and will be reported in Part II.
Hg stationary 1.0 mM Pb(NO^
-0.5
e - 1.0
Hg flowingo. 1.0
£ -1.0
Hg flowing
-0.5
-1D
-2.51 -1.5 -2
E vs Hg pool anode-volts
Fig. io . In fluence  of e lectro -cap illarity  a t  th e  
flowing m ercu ry  electrode.
\ Meniscus changedMeniscus unchanged-
0-0.1-0.2-0.3 0-0.1-02-0.3 0-01-0.2-0.3 0-0.1-0.2-03 0-01-0.2-0.3 0-0.1-0.2-0.3
E vs Hg pool anode-volts
Time - minutes
Fig. xx. P o larograph ic  w aves o b ta ined  w ith  a  s ta tio n a ry  m ercu ry  surface exposed a t  the 
e lectrode tube. — Curves o b tained  w ith  fresh, s ta g n a tin g  an d  renew ed m ercu ry  surfaces.
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SUM M ARY
A polarisable electrode of co n stan t surface area  is described in  w hich th e  surface layer of a 
5 colum n of m ercury  is con tinuously  renew ed from  an  in te rn a l m ercury  supply. R eproducible
!, diffusion cu rren ts are  o b tainab le  w hich do n o t exh ib it m axim a.W ave heights are p roportiona l to
? the co n cen tra tion  of reducib le ion. T he m ercury  consum ption  is sim ilar to  th a t  of th e  d ropping
| m ercury electrode. T he electrode and  cell are constructed  th ro u g h o u t in  polyethylene.
R E SU M E
| Une electrode polarisable est decrite, ou la  surface de m ercure de la  colonne est con tinuellem ent 
j renouvelee. Des couran ts de diffusion reproductib les p e u v en t e tre  obtenus, ne p re sen tan t pas de
maxim a. Les h au teu rs  des sau ts  so n t proportionnelles a  la  concen tra tion  de l’ion redu it. L a 
consom m ation de m ercure est la  m em e que celle de l’electrode a  gouttes de m ercure. L ’electrode 
et la cuve so n t en tie rem en t fa ites en polyethylene.
j ZUSA M M ENFASSUN G
Es w ird eine po larisierbare  E lek trode  beschrieben, wo die Oberflache des Q uecksilbers stan d ig  
erneuert w ird. E s k o nnen  reproduzierbare  D iffusionsstrom e erhalten  w erden, welche keine M axim a 
aufweisen. D ie H ohen  der Spriinge sind  proportiona l der K o n zen tra tion  des reduzierten  Ions. 
Der Y erbrauch  an  Q uecksilber is t der gleiche wie der, der T ropfelektrode. Die E lek trode  un d  die 
Zelle sind  ganz aus P o ly a th y len  hergestellt.
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COMPLETE SPECIFICATION. 
Improvements in and relating to Polarographic Cells.
We, C a m b r i d g e  I n s t r u m e n t  C o m p a n y  
L i m i t e d ,  of 13 Grosvenor Place, London,
S.W.l, a British Company, do hereby declare 
the invention, for which we pray that a 
5 patent may be granted to us, and the method 
by which it is to be performed, to be par­
ticularly described in and by the following 
statement:—
Following on the work of Heyrovsky, 
10 first published in 1924 in the Transactions 
of the Faraday Society 19 (1924) 692 “ The 
Processes at the Dropping Mercury Cathode,” 
conventional polarographs have followed the 
principle of an electrolytic cell in which the 
15 cathode is formed by successive discrete 
drops of mercury passing into and falling 
through the solution which is to be analysed.
An important feature of this electrode is 
the continuously expanding surface of the 
20 cathode forming the interface at which the 
reduction takes place.
The present invention has for its object to 
extend this technique of analysis to con­
tinuously flowing solutions and to effect 
25 other practical improvements in the electrode.
The invention consists in a polarographic 
cell in which the solution to be analysed is 
passed through a mercury pool cathode.
The invention also consists in a polaro- 
30 graphic cell as set forth in the preceding 
paragraph in which the solution is passed 
through the mercury in discrete drops.
The invention also consists in a polaro­
graphic cell as set forth in the first of the two 
35 preceding paragraphs in which the solution 
is passed through the mercury in a con­
tinuous stream or jet.
The invention also consists in a polaro­
graphic cell as set forth in the first of the 
40 three preceding paragraphs in which the 
solution is passed through the mercury via 
multiple nozzles or other means providing 
multiple streams of discrete random drops.
[Price 3s. 6d.]
The invention also consists in a polaro­
graphic cell as set forth in the first, second 45 
or third of the four preceding paragraphs, 
wherein the solution is caused to pass up­
wards through mercury after passing through 
a partition member pervious to the solution 
but impervious to mercury. 50
The invention also consists in a polaro­
graphic cell as set forth in the preceding 
paragraph wherein the anode comprises a 
suitable metal, e.g. silver deposited on the 
underside of the partition member or con- 55 
stituting a metal mesh beneath said partition 
member.
The invention also consists in a polaro­
graphic cell as set forth in any of the first 
four of the six preceding paragraphs wherein 60 
the anode comprises a pool of mercury.
The invention also consists in a polaro­
graphic cell as set forth in any of the seven 
preceding paragraphs in which the anode is 
situated in the solution immediately upstream 65 
of the cathode.
The invention also consists in a polaro­
graphic cell substantially as hereinafter 
described and as shown in Figure 1, Figure 2 
or Figure 3 of the accompanying drawings. 70
Referring to the accompanying diagram­
matic drawings:—
Figure 1 illustrates a form of cell embody­
ing the present invention;
Figure 2 illustrates a modified form there- 75 
of; and
Figure 3 illustrates a further form thereof.
In one form of the invention illustrated in 
Figure 1 the cathode consists of a vessel a 
of insulating material, which may be glass, 80 
containing a pool of mercury b through 
which the solution is passed by way of a 
tube c and a nozzle or nozzles d. The 
solution is fed to the nozzle or nozzles at a 
pressure sufficient to give a series of discrete 85 
drops e rising through the mercury and passes
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out by way of a tube i. This mercury pool 
forms the cathode of the cell, the anode being 
another suitable electrode / in the tube c and 
thus in contact with the solution at a point 
5 upstream of the nozzle(s). The anode / and 
cathode b are connected to a potential source 
g in series with a current measuring device h.
In operation, during the growth of each 
drop at the nozzle(s) reduction takes place 
10 at the interface between the solution and the 
mercury cathode. This gives rise to a 
diffusion current proportional to the con­
centration of reducible substances in the 
solution.
15 The anode / may be located in close 
proximity to the cathode, as shown, thereby 
reducing to a minimum the internal resis­
tance of the cell.
In another form of the invention shown 
20 in Figure 2, the pressure on the solution is 
such as to cause a continuous stream of 
solution to flow through the mercury pool.
Conveniently the solution is caused to 
pass upwardly through a vessel a of insulat- 
25 ing material furnished with a longitudinal 
partition j  composed of fine mesh, e.g. poly­
thene or nylon impervious to mercury 
beneath which is disposed a horizontal anode 
composed, say, of silver wire mesh k.
,30 Alternatively the anode may comprise 
silver deposited on the - underside of the 
insulating mesh.
In a further form shown in Figure 3 the 
anode in the tube base n of the vessel a 
35 comprises a pool of mercury m. This has
the advantage of providing a large anode 
area and thus a minimum resistance at the 
nozzle.
The invention ensures that a fresh, clean 
40 mercury surface is continuously exposed to
the solution and that all impurities carried 
into the mercury by the solution float to the 
surface of the mercury and are therefore 
removed from the active zone. The diffusion
rate is unaffected by surface disturbances due 45 
to external vibration.
What we claim is :—
1. A  polarographic cell in which the
solution to be analysed is passed through a 
mercury pool cathode. 50
2. A  polarographic cell as claimed in
Claim 1 in which the solution is passed 
through the mercury in discrete drops.
3. A  polarographic cell as claimed in 
Claim 1 in which the solution is passed 55 
through the mercury in a continuous stream
or jet.
4. A  polarographic cell as claimed in
Claim 1 in which the solution is passed 
through the mercury via multiple nozzles or 60 
other means providing multiple streams of 
discrete random drops..
5. A  polarographic cell as claimed in
Claim ]., 2 or 3, wherein the solution is 
caused to pass upwards through mercury 65 
after passing through a partition member 
pervious to the solution but impervious to 
mercury.
6. A  polarographic cell as claimed in
Claim 5 wherein the anode comprises a 70 
suitable metal, e.g. silver deposited on the 
underside of the partition member or con­
stituting a metal mesh beneath said partition 
member.
7. A  polarographic cell as claimed in any 75 
of Claims 1 to 4 wherein the anode comprises
a pool of mercury.
8. A  polarographic cell as claimed in any 
of Claims 1 to 7 in which the anode is situated,
in the solution immediately upstream of the 80 
cathode.
9. A  polarographic cell substantially as 
hereinbefore described and as shown in 
Figure 1, Figure 2 or Figure 3 of the accom­
panying drawings. 85
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Improvements in and relating to Polarographic Cells.
We, C a m b r i d g e  - I n s t r u m e n t  C o m p a n y  
. L i m i t e d ,  of 13 Grosvenor Place, London,
S.W.l, a British Company, do hereby 
. declare this invention to be described in the 
90 following statement :—
Following on the work of Heyrovsky, first 
published in 1924 in the Transactions of the 
Faraday Society 19 (1924) 692 “ The Pro­
cesses at the Dropping Mercury Cathode,” 
95 conventional polarographs have followed the 
principle of an electrolytic cell in which the 
cathode is formed by successive discrete 
drops of mercury passing into and falling 
through the solution which is to be analysed. 
100 An important feature of this electrode is
the continuously expanding surface of the 
cathode forming the interface at which the 
reduction takes place.
The present invention has for its object to 
extend this technique of analysis to con- 105 
tinuously flowing solutions and to effect 
other practical improvements in the 
electrode.
The invention consists in a polarographic 
cell in which the solution to be analysed is 110 
passed through a mercury pool cathode.
The invention also consists in a polaro­
graphic cell as set forth in the preceding 
paragraph in which the solution is passed 
through the mercury in discrete drops. 115
796,183 3
The invention also consists in a polaro­
graphic cell as set forth in the first of the 
two preceding paragraphs in which the solu­
tion is passed through the mercury in a 
5 continuous stream or jet.
The invention also consists in a polaro­
graphic cell as set forth in the first of the 
two preceding paragraphs in which the 
solution is passed through mercury via 
10 multiple nozzles or other means providing 
multiple streams of discrete random drops.
The invention also consists in a polaro­
graphic cell as set forth in the first of the 
two preceding paragraphs in which the solu- 
15 tion is passed through the mercury in 
multiple streams or jets.
The invention also consists in a polaro­
graphic cell as set forth in the preceding 
paragraph wherein the solution is caused to 
:20 pass upwards through mercury after passing 
through a partition member pervious to the 
solution but impervious to mercury.
The invention also consists in a polaro­
graphic cell as set forth in any of the six 
.25 preceding paragraphs in which the anode is 
situated in the solution immediately up­
stream of the cathode.
In one form of the invention the cathode 
consists of a vessel of insulating material, 
'30 which may be glass, containing a pool of 
mercury through which the solution is passed 
by a nozzle or nozzles. The solution is fed 
to the nozzle or nozzles at a pressure sufficient 
to give a series of discrete drops rising 
.35 through the mercury. This mercury pool 
forms the cathode of the cell, the anode being 
another suitable electrode in contact with 
the solution at a point upstream of the
nozzle(s) and the anode and cathode are 
connected to a potential source in series with 40 
a current measuring device.
In operation, during the growth of each 
drop at the nozzle(s) reduction takes place 
at the interface between the solution and the 
mercury cathode. This gives rise to a 45 
diffusion current proportional to the con­
centration of reducible substances in the 
solution.
The anode may be located in close proxi­
mity to the cathode, thereby reducing to a 50 
minimum the internal resistance of the cell.
In another form of the invention the 
pressure is such as to cause a continuous 
stream of solution to flow through the 
mercury pool. 55
Conveniently the solution may be caused 
to pass upwardly through a vessel of in­
sulating material furnished with a longitu­
dinal partition composed of fine mesh, e.g. 
polythene or nylon impervious to mercury 60 
beneath which is disposed a horizontal 
anode composed, say of silver wire mesh.
Alternatively the anode may comprise 
silver deposited on the underside of the 
insulating mesh. 65
The invention ensures that a fresh, clean 
mercury surface is continuously exposed to 
the solution and that all impurities carried 
into the mercury by the solution float to the 
surface of the mercury and are therefore 70 
removed from the active zone. The diffusion 
rate is unaffected by surface disturbances 
due to external vibration.
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